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FOREWORD 

Scientists and engineers have been concerned for  many years with the 
challenging problems inherent i n  the fabrication of a closed life-support sys- 
t e m .  Aside fromthe prospects of d i f f icu l t  engineering hurdles yet t o  be 
overcome, it i s  also clear tha t  enormous gaps exis t  i n  our fundamental knowl- 
edge about many aspects of t h i s  problem. 
t h i s  time even t o  summarize man's nutrit ional requirements completely! 
Virtually nothing i s  known about human production of contaminants and not 
much more i s  available regarding man's tolerance levels t o  such materials. 
Biological agents that might be employed t o  convert human wastes t o  useful 
foodstuffs or fuels  are  themselves incompletely studied, particularly from 
the' point of view of the i r  usefulness as potent ial  
the other hand, physicochemical procedures t o  accomplish these end resul t s  
have barely been in i t ia ted .  

For example, it i s  impossible at  

I1 chemosynthesizers . I f  On 

This Conference, then, i s  an attempt t o  examine the present status of 
some of these problems. Hopefully, l ines  of future research and development 
w i l l  become clearer as a resul t  of these deliberations and, if t h i s  leads t o  
more vigorous and more rigorous experimentation and study, the Conference 2 - Y . l  

surely have been successful. 

HAROLD P. X L E I N  

Assis tant  Director fo r  L i f e  Sciences 
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STUDY OF LIFE-SUPPORT SYSTEMS FOR SPACE MISSIONS 

EXCEEDING ONE YEAR I N  DURATION 

By G. L. Drake, C. D. King, W. A. Johnson, 
and E. A. Zuraw 

General Dynamics 
Convair Division 

IIYI'RODUCT I O N  

This Phase I study i s  a s t ep  toward the  goal  of providing a closed ecol- 
L i f e  support are needed tha t  ogy f o r  manned space missions of long duration. 

w i l l  operate f o r  periods exceeding one year without resupply. 
requirement w i l l  be t h e  a b i l i t y  t o  convert human and cabin waste products i n to  
useful  products such as oxygen, food, and potable water. There i s  already 
subs tan t ia l  progress i n  t he  closure of the  oxygen and water loops ( ref .  1) and 
it is expected t h a t  t h i s  progress w i l l  continue t o  t he  point of flight- ready 
hardware f o r  long-duration missions. Closure of t he  food-waste loop i s  cony 
siderably less advanced. Therefore, study emphasis w a s  placed on t h i s  food- 
waste closure while work on other l ife-support  subsystems was directed 
primarily at insuring integrat ion compatibility. 

An e s sen t i a l  

Purpose 

The purpose of t h i s  study i s  to ver i fy  technical  j u s t i f i ca t ion  and 
provide planning d i rec t ion  fo r  subsequent phases of t he  program, namely, 
Phase 11, Research and Development; Phase 111, Engineering Design; Phase I V ,  
Construction of a Prototype Closed Ecological System; and Phase V, Evaluation 
of t h e  Prototype Closed Ecological System. I n  accordance w i t h  t h i s  purpose, 
tasks were performed as follows : 
subsystems was reviewed; (2) configurations of closed ecological systems were 
established; (3) preferred systems were selected, based on estimates of 
engineering and biological  p rac t ica l i ty ;  (4) requirements f o r  research and 
development t o  qualify t h e  systems f o r  engineering design were identif ied;  
(5) p r i o r i t i e s  were established and specifications were writ ten for  the  
research and development; and (6) a program plan w a s  prepared for t h e  
remaining phases of t h e  program. 

(1) The state of development of l i f e  support 

Scope 

This report  summarizes t he  accomplishments of t h e  first  four tasks l i s t e d  
above. Consideration was given to a l l  reasonably applicable concepts f o r  
food-waste loop closure within t h e  constraints of space mission use. 
were evaluated to a degree of d e t a i l  commensurate with t h e  fund of technical  
information. 
chemical," 
synthesis function and those having waste processing functions. 

They 

The subsystems were categorized as "biological" and "physico- 
and were fur ther  divided in to  those having primarily a food 
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Biosystems. - The data avai lable on some biological  subsystems were suffi-  
cient  to estimate engineering parameters. 
algae, hydrogen bacter ia ,  higher p lants ,  yeast molds, act ivated sludge, or 
anaerobic sludge. 
biosystems d id  not permit evaluations to t h e  same leve l  of d e t a i l .  The evalu- 
a t ions  t h a t  could be made did not disclose a preponderance of advantages over 
those biosystems l i s t e d .  

These were biosystems based on 

The l imited data available concerning many other proposed 

Physicochemical subsystems. - Seven d i f ferent  dombinations of the  s teps 
fo r  the  synthesis of carbohydrates from CO2 and water were studied, and 
engineering estimates were derived f o r  the  two methods f o r  which some process 
data was avai lable.  
w a s  reviewed. Waste processes studied included t h e  recovery of potable water 
from l iqu id  and s o l i d  wastes and t h e  oxidation of s o l i d  residues. 

The chemical synthesis of fats and protein derivatives 

M e t  hod 

Technical information w a s  assembled from many sources, including tech- 
nica l  l i t e r a t u r e  and government, educational, and indus t r i a l  organizations. 
These sources provided information of processes components, analyses, and 
egperimental results, so  t h a t  t h e  m e r i t  of closed ecology could be evaluated. 
Configurations of t h e  complete closed food-waste loop and supporting sub- 
systems were then developed from competitive subsystems. 
e te rs  were calculated from the  reported research data .  I n  many cases, 
engineering estimates were based on extrapolations from known charac ter i s t ics  
of exist ing systems. The closed configurations selected indicate  t h e  
preferred channel f o r  subsequent researcn and development. 

Engineering param- 

SYSTEM MODEL 

A spacecraft system model was established to provide ground rules and a 
su i table  frame of reference fo r  evaluating subsystems and t h e  closed config- 
urations.  It i s  so le ly  a tool to help achieve an orderly evaluation, and i s  
not intended or applied i n  a manner to exclude consideration of any v a l i d  
concepts. The system model is  based on s tudies  of manned planetary missions 
( r e f .  2), and i ts elements a r e  a mission model, a spacecraft model, a crew 
model, and a basic performance model f o r  the  l i f e  support system. Portions 
t h a t  were par t icular ly  s igni f icant  to t h e  evaluations are presented i n  the  
following paragraphs. 

Mission Model 

Mission: Earth-Mars round t r i p  with Mars o rb i t  capture, i n  support of 
landing by other vehicles.  

Mission periods: Earth orb i t  to Mars orb i t  230 days 
Planetary capt ure 50 days 
M a r s  o rb i t  to Earth o rb i t  

To ta l  540 days 
260 days 

Orbit a l t i t u d e s :  Earth 325 km 
Mars 1000 km 
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Gravity environment : 

Solar orientation: Random 

Extended periods of weightlessness 

Spacecraft Model 

Physical configuration: Four cyl indr ica l  compartments, with i n t e r -  
connection or i so la t ion  capab i l i t i e s .  Dimensions of each compartment: 

Diameter 
Height 

20 f t  (6.10 m) 
8 f t  (2.44 m) 

Cabin atmosphere quant i t ies  : 

Volume, t o t a l  of four compartments 
Leakage rate 0 

10,000 f t3  (283 m3) 

E lec t r i ca l  power supply : 

Capacity, normal mode 60 kW c 
Capacity, emergency mode 10 kW 
Power type: 28 VDC and 3-phase ac, 115-208 V ,  400 cps 
Weight penalty 50 kg/kW 

Thermal control:  

Heat r e j ec t ion  
Type: Liquid t ransport  to space radia tor  in t eg ra l  with 

Temperatures: Radiator i n l e t ,  max. 75, C 
Radiator out le t  o c  

spacecraft  
0 

Weight penalty 15 kg/kW 

Process heat 
Type: Liquid t ransport  from a waste heat source i n  power 

system 
Temperatures : Supply 200: c 

Return 100 c 
Weight penalty 1-5 kg/kW 

C r e w  Model 

Number and d is t r ibut ion:  Ten men, with normally no more than four i n  
any compartment. 

Metabolic c r i t e r i a ,  dai ly averages, per man-day (crew average a c t i v i t y  
a t  150 percent BMR): 



O2 uptake, g 

Water of oxidation, g 
Water allowance, g 
Urine water, g 
maporat ive water l o s s  ( respi ra t ion  

Latent heat, kg -ea1 
Sensible heat, kg -ea1 

co;2 output, g 

and perspirat ion) ,  g 

850 
1000 

315 
3 500 
1500 

2200 
1080 
1500 

L i f e  Support System Performance Model 

Operating Modes: The l i f e  support system (US) is  not required t o  
forces of launch and reentry.  operate during boost, but it must withstand g 

It w i l l  not be required t o  start automatically but it must operate automati- 
ca l ly  after it is  s t a r t ed .  
the  crew. 

The system w i l l  be monitored and maintained by 

Operating l i fe t ime:  The LSS s h a l l  have an operating l ifet ime of not 
less than 600 days. 
crew. 

This requirement does not preclude maintenance by t h e  

Atmosphere i n  crew spaces: 

Tota l  pressure, mm Hg 
Oxygen p a r t i a l  pressure, mm Hg 
Diluent; gas 
Carbon dioxide, mm Hg, average 
R e l a t  Lve humidity, percent 
Toxic gaseous contaminants, max. 
Temperature (a t  crew choice),  OC 

500 +io 
160 t-5 

4 
Nitrogen 

30 -60 
0.1 T L V ~  
23 -t3 

Water management : 

Water allowances, g/man-day 
Drinking and i n  food 3 500 
Personal sani ta t ion  1500 

Tota l  used 5000 

Waste l iquids ,  g/man-day 
Urine 
Humidity condensat e 
Wash water 

1500 
2200 
1500 

Regeneration of consumables: The LSS s h a l l  include components for 
regeneration of water, oxygen, and food from metabolic wastes. 

%Threshold l i m i t  value 
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TECHNICAL DISCUSSION, BIOSYSTEMS 

Before individual biosystems were evaluated, t h e  development s t a tus  of 
various r e l a t ed  biosystems proposed f o r  use i n  space w a s  surveyed. A qual i ta-  
t i v e  presentation of the  survey r e s u l t s  i s  given i n  t a b l e  I. 

General  impressions reached as a consequence of the  survey a r e  as 
follows : 

1. 

2. 

3. 

4. 

5. 

6. 

7 -  

8. 

Cu l tu ra l  charac ter i s t ics  of organisms presently used i n  the  various 
biosystems are not considered idea l .  
b e t t e r  candidates w i l l  be found tha t  w i l l  reduce weight, power , and 
volume required of biosystems . 

Biologists are hopeful t h a t  

G a s  exchange aspects of biosystems have been studied more and devel- 
oped fur ther  than waste u t i l i z a t i o n  or food production aspects.  

The " r a w "  biomass generated by any- one biosystem does not appear to 
be acceptable food f o r  humans, physiologically or psychologically. 
Processing, supplementation and/or comgositing w i l l  be required t P  
produce an acceptable food. 

It is  unlikely t h a t  any of t h e  biosystems can be operated on unsuk- 
plemented, unprocessed human wastes except for t h e  act ivated sludge 
system tha t  consis ts  of an i l l- def ined  assemblage of d i f ferent  
microorganisms. 

No one biosystem i s  capable of converting a l l  human wastes quanti- 
t a t i v e l y  to food. 

The fundamental biology and biochemistry of candidate organisms for  
biosystems are not w e l l  understood. 

Data on material balance of most biosystems are inadequate for  
precise engineering treatment. 

D a t a  on long-term, steady-state t e s t s  of biosystems are needed t o  
provide a bas is  f o r  r e l i a b i l i t y  estimates. 

Algae 

Process description. - An aqueous suspension of unicel lular  algae can be 
used t o  convert C02 i n t o  a l g a l  protoplasrr with l i g h t  as the  energy source 
according to t he  following equation (refs. 3 and 4 ) :  

5 



The process not only r e s u l t s  i n  C02 removal, but i n  the  generation of O2 and 
algae as w e l l .  

I 

Biosyst e m  Gas exchange 

Algae 4 
Higher plants  2 
Lower plants  1 
Activated sludge 2 
Anaerobic sludge 0 
Hydrogen bacter ia  1 
Yeast and molds 0 
Animals 0 
Plant or animal t i s sues  0 

L 

TABLE 1.- REUTIVE DEVELOPMFEJT STATUS OF SPACE-APPLIED BIOSYSTEMS 

Waste u t i l i z a t i o n  Food value 

2 2 
1 1 
0 0 
3 1 
1 0 
0 0 
1 0 
0 0 
0 0 

Although a number of a l g a l  systems have used d i f ferent  species of algae 
0r”different  l i g h t  sources (incandescent, refs. 4-7; fluorescent, r e f s .  8-13; 
and s o l a r ) ,  t h e i r  processes a r e  basical ly similar. It is essen t i a l  t ha t  they 
include C02, l i g h t  i n  t h e  v i s i b l e  range of t h e  electromagnetic spectrum, 
cooling H20 ,  a nitrogen source such as urea, n i t r a t e ,  or NH3,. and other inor-  
ganic sal ts .  Their outputs include oxygen, algae, heat, and t r a c e  amounts of 
organic materials excreted by t h e  algae i n t o  t h e  nutr ient  solut ion.  A mate- 
r i a l  balance and schematic diagram of the  system a r e  presented i n  f igures 1 
and 2, respectively. I n  t h i s  process, cabin a i r  enriched i n  C02 by human 

ELECTRICAL INPUT, IO kW TO H20 RECOVERY 

COP 

UREA 

H20 

SALTS Y HEAT REJECTION.9.5 kw 

COOLANT I ” -  

AIF 
TO HZO 

RECOVERY COOLANT 
b BLOWER 

CALCULATED FROM. (1) 0.5 N2H4 C0+6.02 C02+4.35 H20 t 

c6.52 H10.70°235N’6-97 02 
(2) 5 PERCENT ASH 

Figure 1.- Algal system material  balance; Figure 2.- Schematic diagram of an a l g a l  photosyn- 
bas is  : man-day. t h e t i c  gas exchange system. 

respi ra t ion  i s  pumped through a l i g h t  contact chamber containing an aqueous 
suspension of algae. The function of the  l i g h t  chamber is  t o  contain t h e  
a l g a l  suspension and provide l i g h t  for  photosynthesis. The photosynthetic 
ac t iv i ty  of the  algae causes t h e  removal of C02 dissolved i n  t h e  water and 
the  production of 02 and more algae. A i r  enriched i n  02 leaving t h e  l i g h t  
chamber i s  passed through a gas- liquid separator and excess humidity i s  
removed by a dehumidifier before the  air enters t h e  cabin atmosphere. 

6 



Algal growth rate and, consequently, t h e  gas exchange rate of t h e  system 
i s  governed principal ly by the  quantity and qual i ty of v i s i b l e  l i g h t  avai lable 
to t h e  algae ( r e f s .  4, 5, 6, 14, 15) .  
or any required nutr ient  f o r  t h a t  matter, may a l s o  l i m i t  growth. Steady-state 
growth can be achieved by f ix ing  t h e  rate at which a l g a l  suspension is har-  
vested and nutr ient  solut ion i s  fed (ref. k ) .  G a s  exchange performance of a 
photosynthetic gas exchange system i s  then governed by t h e  usable l i g h t  pro- 
vided each a l g a l  c e l l  within the  suspension and/or gas t r ans fe r  achieved by 
t h e  design charac ter i s t ics  of the  l i g h t  contact chamber. 
density of t h e  a l g a l  suspension can be f ixed photometrically ( r e f .  9 ) .  
absorb strong v i s i b l e  l i g h t  but require low in tens i ty  l i g h t  f o r  maximum u t i l i -  
zation (refs. 16 and 17).  Consequently, t h i n  layers  of suspension (<lcm) are 
required. f o r  e f f i c i en t  l i g h t  u t i l i za t ion .  Inef f ic iencies  i n  l i g h t  u t i l i z a -  
t i o n  and spec t ra l  charac ter i s t ics  of l i g h t  sources necessi tate  cooling the  
a l g a l  suspension to maintain selected growth temperatures. 

However, insuff ic ient  amounts of COZY 

Alternately, t h e  
Algae 

Mesophilic and thermophilic algae extensively studied are cultured 
optimally a t  25 
tures w i l l  r e s u l t  i n  a decrease i n  growth rate while an excursion of approxi- 

cu l ture .  Temperatures are eas i ly  controlled within +.lo C with simple ins t ru-  
mentat ion, however , and near optimal temperatures are readi ly  maintained. 
Algae grow optimally a t  a pH of 6 t o  7 but t o l e r a t e  excursions i n  pH from 5 
to 8. Control of pH i s  no problem when urea i s  used as a nitrogen source. 

0 and 39' C y  respect ively.  Excursions t o  suboptimal tempera- 

mately 10' C beyond optimal temperatures w i l l  r e s u l t  i n  failure of the  i 

Wastes as a l g a l  nut r ients .-  Untreated wastes are not desirable nutr ients  
fo r  algae. Much of the  waste i s  not i n  a form avai lable t o  algae and the  
high organic content encourages growth of bacter ia .  The tu rb id i ty  generated 
by t h e  bacter ia ,  coupled to t he  turb id  and colored nature of the  wastes them- 
selves, can only reduce l i g h t  u t i l i z a t i o n  efficiency which i s  extremely 
important i n  the  cul ture of algae. Although Chlorella has been grown on 
urine, growth i s  not s o  good as i n  control  me-17). Untreated feces- 
urine mixtures have a l s o  been fed t o  coupled act ivated sludge-algal systems, 
but comparative performance data of the  mixed system versus algae alone are 
not available f o r  evaluation (ref. 18). There i s  l i t t l e  question t h a t  t h e  by- 
products of an act ivated sludge process w i l l  support growth of algae. A num- 
ber of algae (Chlorella, Scenedesmus) grow p r o l i f i c a l l y  i n  sewage oxidation 
ponds, and algae a r e  prominent members of t h e  microbial community observed i n  
sewage t r i ck l ing  f i l t e r s .  When t h e  ac t iva ted  sludge by-products are consid- 
ered i n  t h e  context of a closed ecosystem, however, invest igators  have found 
t h a t  supplements of urea (ref .  19) and i ron (ref .  20) are required f o r  algae 
t o  grow as w e l l  as on common media. 

Ash derived from incinerated feces and urine has been found to contain 
a l l  t h e  nutr ients  required by algae except carbon, nitrogen, and water which 
were not recovered by t h e  incinerat ion process. With ash concentrations of 
greater  than lg/L, growth of Chlorella w a s  inhib i ted  (ref.  21).  
procedures must be modified t o  produce a less toxic  ash. 

Incineration 
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Algae as food.- The findings of t h e  various workers i n  t h i s  f i e l d  can 
be summarized as follows: 

1. Algae are r i c h  i n  proteins and vitamins but r e l a t ive ly  poor i n  
carbohydrate and fat  (refs. 4, 22-26). 

2. The chemical composition of algae can be varied within l i m i t s ,  
depending upon the  physical and chemical conditions selected f o r  
t h e i r  cul ture (ref .  13) . 

3. The protein qual i ty  of algae compares favorably with yeast and other 
plant  proteins.  
t i e s  of amino acids es sen t i a l  f o r  man are available,  feeding t r ia ls  
indicate  t h a t  a l g a l  -proteins are deficient  i n  sulfur-containing 
amino acids such as methionine for rats (refs. 24, 26-28). 

Although analyses suggest t h a t  su f f i c i en t  quanti- 

4. With the  use of su i t ab le  preparation procedures such as freeze dry- 
ing or blanching, approximately 80-percent assimilat ion of a l g a l  
protein i n  rats i s  readi ly a t ta ined  (ref.  26). 

1 

A 5. Algae have been incorporated up t o  20 percent of t h e  d i e t s  of rats 
with sa t i s fac tory  weight gains noted (refs.  22, 24). 

Human subjects have to lera ted  50 to 100 g of algae (-20 percent) i n  
the i r  d i e t .  Larger quant i t ies  have produced gas t ro in tes t ina l  
d i f f i c u l t i e s  (ref .  23).  

6. 

7. Algae are more acceptable i n  human d ie t s  when admixed i n  bakery 
products ( r e f s .  25, 29).  

If algae alone a r e  used t o  balance human respirat ion,  approximately 
600 g of dr ied algae w i l l  be produced per man-day. 
produced can be u t i l i z e d  as a source of food according t o  present specif ica-  
t ions  f o r  human dietary requirements and present evidence of acceptabi l i ty  of 
algae as a human food source. 

Only 100 g of t h e  algae 

I n  order t o  use a l l  the  a lga  as food, they would have t o  be grown under 
cu l tu ra l  conditions t h a t  would y i e l d  c e l l s  having a composition more nearly 
matching human dietary requirements and/or y i e l d  c e l l s  capable of being pro- 
cessed t o  match human physiological and psychological dietary requirements. 
The p o s s i b i l i t i e s  of doing t h i s  have not been investigated t o  the  extent t h a t  
evaluation i s  possible. However, i f  t h i s  is  done, gas exchange character-  
i s t i c s  of t h e  alga w i l l  ce r ta in ly  change with changes i n  in t e rna l  chemical 
composition. 

If man is not fed a l l  the  algae produced, another complication arises 
with regard t o  t h e  nutr ient  salts required to grow t h e  quantity of algae 
required for gas exchange. Potent ia l  elemental outputs of the  man on a con- 
ventional d i e t  w i l l  not match elemental inputs required by the  algae ( ref .  4 ) .  
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Advantages. - 
1. An a l g a l  system performs four useful functions simultaneously: 

C02 removal, O2 production, synthesis of ce l lu l a r  material requiring 
minimum modification as a food source, and u t i l i z a t i o n  of some of 
the  waste products of man. 

2. Algae can u t i l i z e  so lar  energy, i f  avai lable .  

3. Photosynthesis occurs at low pressures and temperatures. 

4. The a l g a l  c e l l  has bui l t - in ,  self- regulating, gas exchange control 
mechanisms. 

5. An a l g a l  system presents a low health and explosion hazard. 

6. Some algae are rugged and grow under wide ranges of environmental 
conditions. Populations of green algae do not appear t o  be adversely 
affected by bacter ial ,  mold, or v i r a l  contamination. 

7. A t  least two investigators have claimed, on the  bas is  of qua l i t a t ive  
observations, t ha t  algae remove some atmospheric contaminants. 

Measurable toxic  contaminants a re  not produced by Chlorella. 

Algal systems have been operated r e l i ab ly  f o r  periods up to 6 months. 

t 
8. 

9. 

10. Power demands f o r  a l g a l  systems are uniform. 

11. Algae can be grown on t r ea ted  waste ef f luents  of man. 

Disadvantages. - 
1. The maximum l i g h t  u t i l i z a t i o n  efficiency of algae i s  approximately 

20 percent. 

2. Algal systems dependent on a r t i f i c i a l  l i gh t  sources are burdened 

Approximately 95 percent of energy input must be 
addi t ional ly by a maximum e l e c t r i c i t y  t o  l i g h t  conversion efficiency 
of 20 percent. 
immediately removed as low grade heat under p rac t i ca l  conditions. 

Most algae tend to foam and/or foul  surfaces. 3 .  

4. Algae w i l l  require  considerable processing and supplementation t o  be 
nut r i t ional ly  and psychologically acceptable. 

5. Algal systems present d i f f i c u l t  problems i n  gas-liquid contacting and 
gas-liquid, sol ids- l iquid separation under weightless conditions. 

6 .  Harvested a l g a l  c e l l s  must be processed continuously or properly 
preserved after harvesting as they are subject to spoilage. 

9 



7. Algal systems cannot use feces or urine t h a t  has not been processed. 
The waste output of man w i l l  not balance nutr ient  requirements of 
t h e  algae unless the  man subs is t s  only on t h e  algae. 

8. Algal systems exhibi t  a slow growth response t o  t rans ient  conditions. 

9. The protein content of a l g a l  c e l l s  i s  extremely high i n  comparison 
to man's requirements; the  carbohydrate content i s  low. 

10. Algal populations are quickly decimated when invaded by appropriate 
protozoa. 

11. Algal systems w i l l  require la rge  volumes because la rge  surface areas 
are required fo r  maximum u t i l i z a t i o n  of l i g h t .  

12. Algal systems are heavy because of weight penal t ies  for power and 
heat r e j ec t ion  and the  large volumes of water required. 

1-3. Algae, l i k e  a l l  biosystems, are susceptible  t o  ionizing radiat ion 
and are adversely affected by toxic components i n  many common 
materials of construction. 

14. The human respiratory quotient (RQ) and the a l g a l  assimilatory 
quotient (A&) have not been balanced i n  long-term tes t s .  

Development s t a tus  and uncertaint ies  - Man-scale a l g a l  gas exchangers 
have been designed,fabricated, and t e s t ed  f o r  short periods of t i m e  (hours, 
refs. 8 and 30). Small uni t s  have been operated for periods up t o  6 months 
( r e f s .  3 and 1 5 ) .  
min imal .  
f l i g h t  r e s t r i c t i o n s  i n  mind. Consequently, only estimates are avai lable f o r  
power, weight, and volume. I n  addition, only gas exchange charac ter i s t ics  of 
the system have been examined i n  any d e t a i l .  

Operational experience under weightless conditions has been 
Almost a l l  man-scale uni t s  have been designed and t e s t ed  without 

The nu t r i t iona l  and psychological acceptabi l i ty  of algae as food and t h e  
development of su i t ab le  processing techniques of algae solely as food i n  a 
closed ecosystem are two uncertainties i n  t h e  use of a n  a l g a l  system. 
Although algae have been incorporated as a portion of the  d i e t  of man and 
rats, t o t a l  subsistence on algae alone has not been demonstrated. 
able evidence indicates  t h a t  other foods w i l l  be required. 

The avail- 

A t h i r d  uncertainty w i t h  a l g a l  systems involves t h e  degree t o  which human 
wastes are converted back t o  algae. 
human wastes, bacter ia  are usually r e l i e d  on t o  degrade organic substances 
and only soluble materials after degradation a r e  u t i l i z e d  by t h e  algae. 
Insoluble materials not consumable by algae remain. The quanti t ies  and type 
of materials unconsumed, consumed, or excreted by a l g a l  systems operated on 
human wastes have not been accounted for i n  any study. 
energy balance data of integrated a l g a l  systems are needed f o r  engineering 
evaluation. Accurate input and output measurement of elements such as C, N, 0, 
H, P, S i n  man and algae are required t o  determine precisely how closely a 
balance can be achieved. 

Although algae have been grown on 

Complete material and 
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A fourth uncertainty with a l g a l  systems involves t h e i r  long-term s t a b i l -  
i t y .  Biologists have been hampered i n  tests of t h i s  nature by the  poor r e l i -  
a b i l i t y  of commercial equipment ra ther  than failure of the algae. Where such 
failures have been minimal, steady-state cul tures  of algae have been 
maintained fo r  periods of months. 

Wet C u l t u r e  
Reference* algae volume 

(kg) (L) 

31 2.3 230 
1.0 100 
0.25 25 

31- 
31 

Engineering data.- E s t i m a t e s  f o r  t h e  power, weight, and volume of a l g a l  
photosynthetic gas exchange systems are given i n  t a b l e  11. With changes i n  

I 

Illuminated Tota l  C u l t u r e  Power 02/h/kg 
algae 

(kW> (L) 
area volume weight 
( m2) (L) 0%) 
22.3 2260 225 7.5 11 
--- 56 5 100 4.5 25 

1 40 24 0.8 150 --- 

TABLE 11. - ESTIMATED POWER, WEIGHT, AATD VOLUME REQUIREMErJTS FOR A ONE-MAN 
PHOTOSUITHETIC GAS EXCHAWER 

--- 

*See a l s o  references 32-34. Basis: 25 L 02/man-hr 

gas exchanger design, it i s  probable t h a t  observed power requirements could 
be reduced by a fac tor  of 2. 
unless more e f f i c i en t  a r t i f i c i a l  l i g h t  sources are developed or algae t h a t  
u t i l i z e  l i g h t  more e f f i c i en t ly  are found. 

Further reductions do not appear probable 

Hydrogen Bacteria 

An aqueous suspension of hydrogen bacter ia  can be used t o  convert hydro- 
gen and C02 i n t o  bac te r i a l  protoplasm, potent ia l ly  of human food value, 
according t o  the  equation ( r e f .  35) : 

where (CH20) represents ce l lu la r  matter. 

Energy t o  drive t h i s  react ion i s  derived from t h e  oxidation of hydrogen 
gas : 

2H2 + 02 + 2H20 

Process description. - I n  t h i s  biosynthetic 602 reduction system 
(refs .  36-39), 02 and H 2  are generated by t h e  e lec t ro lys is  of water. 
the  02 generated and a11 of t h e  H 2  i s  fed  t o  an aqueous suspension of Hydro- 
genomonas. C 0 2  removed from t h e  cabin atmosphere and nutr ient  salts derived 

Part  of 
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from processed human wastes are a l s o  fed  simultaneously. 
and multiply on t h e  Hz, C02,  and inorganic salts (nutr ients)  provided, oxidiz- 
ing H2 as an energy source for  t h e  synthesis of protoplasm. 
are harvested a t  some f ixed rate, maintaining a steady- state  population and 
gas uptake r a t e .  
A schematic flow diagram i s  given i n  f igure  4. 

The bacter ia  grow 

Bacter ia l  c e l l s  

Inputs and outputs of the  process are estimated i n  f igure  3. 

BASIS: I man -day 

1000 g 1 

Figure 3.-  P a r t i a l  material balance of a 
Hydrogenomonas system. 

HUMAN RESPIRATION. 
BIOSYNTHESIS 

ELECTROLYSIS. 6H2O-  6 H 2 + 3 0 2  

CH20 + 02 - COP + H20 
6 H 2  + 2 02 + CO2 - CH20 + 5 H20 

Figure 4.- Schematic flow diagram of a 
Hydrogenomonas system. 

The bac te r i a l  growth rate and, consequently, t h e  gas uptake r a t e  are 
l imited generally by nutr ient  t ransport  rates t o  each c e l l  and ultimately by 
metabolic rate l imitat ions imposed by t h e  genetic makeup of the  c e l l  t o  handle 
avai lable nutr ients .  
be governed by the  number of bac te r i a l  cells per uni t  volume and t h e  rate  at  
which t h e  c e l l s  multiply. The number of bac te r i a l  c e l l s  per uni t  volume and 
t h e  r a t e  at which t h e  c e l l s  multiply i n  t u r n  w i l l  be governed by t h e  e f f i -  
ciency with which required nutr ients  are supplied each individual c e l l  i n  t h e  
population. 

Liquid i s  recycled or sent  t o  w a t e r  recovery. 

Thus, t h e  volume and weight of a bac te r i a l  reactor  w i l l  

The bac te r i a l  c e l l s  generated are processed f o r  use as food f o r  t h e  crew. 

Experimental evidence on t h e  optimal growth temperature of Hydrogenomonas 
eutropha i s  i n  confl ict  (refs. 36 and 40).  A s  with most organisms, however, 
l e t h a l  effects  can be expected by excursions t o  temperatures above t h e  op t i -  
m a l .  Temperature excursions below t h e  optimal only result i n  a reduction i n  
t h e  growth rate.  Culture failure due t o  superoptimal temperatures i s  eas i ly  
prevented by su i table  instrumentation and select ing a n  operating temperature 
approximately 5' C below t h a t  temperature a t  which adverse e f fec t s  are 
observed. 
t i o n  which w i l l  have t o  be sui tably monitored and controlled (refs. 35 and 
40). 
Tolerance t o  excursions i n  pH has not been investigated i n  any de ta i l .  

Hydrogen bacteria  appear t o  be qui te  sens i t ive  t o  oxygen concentra- 

The bacter ia  grow w e l l  a t  a pH ranging from 6.5 t o  7.5 ( r e f .  36).  

Wastes as nutr ients  f o r  €Qdrogenomonas. - Preliminary experiments w i t h  
hydrogen bacter ia  have indicated t h a t  t h e  organism can be grown on a 1:l di lu-  
t i o n  of' urine admixed with 1 percent f e c a l  extract  i n  d i s t i l l e d  water, but 
not on a 1 percent f e c a l  s o l i d  ex t rac t ,  alone (ref .  36) . 
growth or yie lds  obtained with urine and a control  medium were not determined. 

Comparative rates of 
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However, gas uptake rates on t h e  wastes (1.3 m l / m l  culture/hr)  were comparable 
to those outlined with a control  medium (ref .  36). 

Proximate analysis  
Moist we 
Fat 
Ash 
Nitrogen 

Stoichiometric re la t ionships  of H2/0,/C02 consumed appear to be affected 
by the  waste mixtures provided t h e  organism. If so, t h e  lat ter  observation 
w i l l  have important ramifications on the  f e a s i b i l i t y  of u t i l i z ing  unprocessed 
wastes as nutrients i n  t h i s  biosystem. 

Percent 
74.55 
0.44 
1-73 
3.02 w e t  weight basis  

Hydrogen bacteria as food.- One determination of t he  proximate analysis 
and amino ac id  content of t h e  organism i s  presented i n  table 111. The most 

TABLE I11 - - ANALYSIS O F  HYDROGl3NOMONAS ERJTROPHA.* 

Protein I (N x 6.2 
Amino acid analysis 

Alanine 
Arginine 
Aspartic acid 
Cystine 
Glutamic ac id  
Glycine 
Hi s t i d ine  
Isoleucine 
Leucine 
Lysine 
Met h i  onine 
Phenylalanine 
Proline 
Serine 
Threonine 
Tryptophane 
Tyrosine 
Valine 

I 11.87 dry weight basis  
18.90 w e t  weight bas is 

) '  1 74.26 dry weig 

Dry weight, percent 

4.47 

0.08 
7 -  67 
2.76 
0.95 
2.17 
4.04 
2.65 
1.14 
2.20 
2.06 
1.80 
2.15 
0.78 
1-79 
3 so3 

3.41 
4.32 

t basis I 
Protein,  per cent 

6.02 
4.59 
5.82 
0.11 
10.33 
3 -72 
1.28 
2.92 
5.44 
3.57 
1.54 
2.96 
2-77 
2.42 
2.90 
1.05 
2.41 
4.08 

Trace amounts found or methionine sulfoxides, c i t r u l l i n e ,  
a - a m i  no -n -but y r  i c acid  , homoc i t r u l l i  ne, glucosamine, galac t os - 
amine, methionine, sulfoxamine, ethionine, ethanolamine. 

*Reference 38. 



noteworthy feature of t h e  analysis i s  the  extremely high protein content. 
t h e  amino acids e s sen t i a l  to humans are present. 

A l l  

Advantages. - 
1. The system performs th ree  useful  functions simultaneously: 

60 reduction, synthesis of ce l lu l a r  material requiring minimum 
mo t i f i c a t i o n  as a food source, and u t i l i z a t i o n  of urea. 

2. Unlike a l g a l  systems, converting e l e c t r i c i t y  to l i g h t  is  not 
required. Electrolysis  of water i s  subst i tuted,  which i s  approxi- 
mately four or f i v e  times more e f f i c i en t .  

3. The system i s  amenable to automation and control  by common 
engineering process pr inciples .  

4. The react ion proceeds at low temperatures and pressures. 

5. Unlike algae, reserve bac te r i a l  cul tures  can be car r ied  i n  a meta- 
bol ica l ly  inact ive,  freeze-dried state u n t i l  required for  restart. 

6. Bacter ial  c e l l s  potent ial ly  can be cultured at  population dens i t ies  
greater  than t h a t  of algae.  

Disadvantages. - 
1. Oxygen to support bac te r i a l  biosynthesis must be provided. 

2. Potent ial ly  explosive gas mixtures  must be handled. 

3. A bac te r i a l  system presents problems i n  gas- liquid contacting and 
separation under weightless conditions. 

4. The bac te r i a l  biomass produced requires processing and supplementa- 
t i o n  to a t t a i n  nu t r i t iona l  and psychological acceptabi l i ty  as food. 
Although high i n  protein,  t h e  bac te r i a l  biomass i s  low i n  
carbohydrate and fa t .  

5. Harvested bac te r i a l  c e l l s  must be processed continuously or properly 
preserved after harvesting to prevent spoilage. 

6. Human wastes w i l l  very l ike ly  have to be processed pr ior  to use as 
nutr ients  by the  bacter ia .  
waste components may be required. 
does not excrete suf f ic ien t  quant i t ies  of urea to support the  
bac te r i a l  biomass required f o r  CO, reduction. 

Bacter ial  cul tures  are susceptible to vira l  at tack.  

Separation and possibly s t e r i l i z a t i o n  of 
On a conventional d ie t ,  a man 

7. 
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8 .  

9 .  

10. 

Stoichiometric H2/02 gas r a t i o s  are dependent on such fac to rs  as the 
type of nitrogen source fed, s torage of reserve material, and C02 or 
nitrogen l imi ta t ions .  Unless environmental conditions are kept 
constant,  stoichiometry of gas exchange may change. 

A p02 of 0.40 i n  t h e  l i qu id  phase of /the cul ture  w i l l  prevent growth 
of t h e  culture.  

Dense bac t e r i a l  suspensions are incl ined t o  foam when aerated or 
ag i ta ted  vigorously for e f f i c i en t  gas -liquid t rans fe r  . 

Development status and uncertaint ies.  - Man-scale bac t e r i a l  C02 reduction 
units  have not been tested. Small uni ts  have only been operated continuously 
f o r  short  periods of t i m e  with no operational experience under weightless 
conditions. 

The nu t r i t iona l  and psychological acceptabi l i ty  of bacter ia  as food and 

j3-hydroxybutyric ac id  as 
t he  development of su i t ab le  processing techniques are major uncertaint ies.  
Hydrogen bacter ia  a r e  known t o  produce polymers of 
food reserves (up to 60 percent of t h e  dry weight) 
unknown. 

Ut i l iza t ion by humans i s  

The extent t o  which hydrogen bacter ia  can u t i l i z e  human wastes is unknown 
as i s  t h e  processing required and quant i t ies  ac tual ly  u t i l i zed .  Complete 
material and energy balance data on integrated man-bacterial systems are 
needed f o r  r e l i a b l e  engineering evaluation. 

D a t a  on long-term s t a b i l i t y  of bac t e r i a l  cultures under conditions of 
continuous cul tures  a r e  a l s o  needed f o r  ascertaining mutation, autointoxica- 
t i on ,  and contamination e f fec t s  on operational parameters. 

Engineering data .-  Estimates on power and volume requirements f o r  a one- 
man bac t e r i a l  biosynthetic system are given i n  table IV. 

Higher Plants  (Hydroponics) 

I n  a hydroponic system, essen t ia l  mineral elements are supplied as 
aqueous solut ions and plants  are grown i n  t he  absence of s o i l  (refs.  41-44). 
Eydroponic systems can be divided i n t o  two general types according to t h e  
method by which t he  plants  are exposed to t he  nutr ient  solut ion.  
liquid- type hydroponic system, plants  are grown i n  a seed bed t h a t  is  sus-  
pended over a tank f i l l e d  with a nutr ient  solut ion.  
d i rec t ly  i n t o  t he  mulch where they germinate. 
solut ion i s  required. 

I n  t he  

The plant  seeds are sown 
Aeration of the  nutrient 

I n  t h e  semiliquid aggregate type, gravel,  sand, vermiculite,  or similar 
aggregate pa r t i c les  are used as an a r t i f i c i a l  dispersion reservoir  f o r  t h e  
nutr ient  solution. The solution i s  c i rcula ted  d i rec t ly  through the  seed bed, 
sa tura t ing it at in tervals  of two to seven days. The aggregate moisture level 
i s  maintained with water between nutr ient  applicat ions.  Desirable aggregates 
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have a p a r t i c l e  s i z e  between one-sixteenth inch to three-eighth inch i n  
diameter, resists dis in tegra t ion or dissolving, are as porous as possible, and 
do not contain toxic  substances or alter  pH. 
following mineral elements. 

Nutrient solut ions contain t h e  

1. Major constituents--nitrogen as urea, NO3 or "4 as a gas, 
phosphorus as PO3 or H,$04, sulfur  as sul fa te ,  and potassium, 
calcium, and magnesium as f r e e  ions. 

2. Minor constituents-- iron, manganese, boron, copper, zinc, and 
molybdenum. 

Nutrient flow rates must be regulated to assure adequate aera t ion through t h e  
aggregate. 

The environmental conditions (temperature, humidity, and atmosphere 
gaseous composition) required f o r  plant  growth are qu i te  similar to those 
required by t h e  crew. 
gravity upon plant  growth. 

L i t t l e  i s  known of the  e f fec t  of reduced or zero 

From an eff iciency and prac t i ca l i ty  standpoint, t he  i n i t i a l  hydroponic 
Several plants  t h a t  appear system probably w i l l  u t i l i z e  only a f e w  plants .  

su i ted  to hydroponic farming are soy beans, tomatoes, and sweet potatoes. The 
advantages of these p lants  are t h e i r  botanical compatibility, t h e i r  individual 
nutr ient  value, and t h e i r  adaptabi l i ty  to processing i n  a var ie ty  of forms. 
Other plants  invest igated include sugar cane, corn, sunflower, endive, Chinese 
cabbage, and tampala. 

Process descript ion.-  A schematic diagram describing a conceptual space- 
c r a f t  hydroponic system i s  presented i n  f igure  5. 
operates i n  t h e  following fashion. 

The hydroponic system 

SEPARATOR YATTERIAL PURIFIER T 
MINERALS I I I 

Figure 5.- Schematic diagram of an integrated 
hydroponic farming system. 

A t  t h e  beginning of each growth 
cycle (average growth cycle -90 days) 
t he  plant  seeds are sown i n t h e  aggre- 
ga te  subst ra te .  The subst ra te  is  kept 
moist p r io r  to and following seed ger-  
mination and throughout t h e  growth 
cycle of t he  plant ,  t h e  aggregate i s  
periodically (every 2 to 7 days) sa tu-  
ra ted  with a nutr ient  solut ion.  A s  t he  
plant  crop matures, it is  harvested and 
processed to obtain t h e  edible portion. 
The hydroponically grown food i s  con- 
sumed by the  crew as a par t  of t h e i r  
d i e t .  A port ion of t h e  C02 produced by 
t h e  crew is  fed  to t he  hydroponic 
system to maintain i t s  C02 level and 
t h e  oxygen l ibe ra ted  by the  hydroponic 

plants  i s  reci rcula ted to t h e  crew compartments. 
urine, garbage, humidity condensate, wash water, e tc . )  are processed by 
physicochemical means to obtain potable water, minerals, and C02. 

C r e w  waste products (feces, 

The C02 is 

1-7 



recycled back to the  hydroponic system. 
storage where a portion i s  eventually used f o r  the  hydroponic nutrient  solu-  
t i o n  or for maintaining the  hydroponic aggregate moisture leve l .  A material 
balance fo r  a t yp i ca l  hydroponic system i s  presented i n  f igure 6. It should 

The water obtained i s  routed to 

448 g/man-day 

1410 glrnan-day 

18 g/man-day 

co2 

WATER C 

NUTRIENTS 

191 g/man-day HYDRoPON’C 
SYSTEM 955g/man-day 

573 g/rnan-day 

02  

FOOD (DRY)’ 

WATER (FOOD) 
INEDIBLE 
VEGETATION 

t. 
HEAT REJECTION, 

8.6 kw 

*THE HYOROWMIC SYSTEM SHOWN IS SIZED TO PRODUCE 3OPERCENT WATOTALDRY FODD REQUIREMENT 
OF 635 gmon-day 

Figure 6. - Hydroponic system material balance. 

be noted t ha t  the  numerical values 
presented i n  the material balance as 
well as i n  the  system schematic are 
estimates only and do not represent 
experimental values. 

Wastes as nutr ients  fo r  higher 
plants.  - Unprocessed human wastes 
cannot be used by higher p l an t s  as 
nutr ients .  I n  agriculture,  t he  meta- 
bol ic  a c t i v i t i e s  of a vast f l o r a  of 
microorganisms i n  s o i l  are relied upon 
to transform wastes in to  available 
nutrients.  The wastes added to t h e  
so i l ,  moreover, const i tu te  a minor 
f rac t ion  of the  t o t a l  s o i l  mass, and 
degradation products are subject to 
the continual leaching act ion of r a in-  

f a l l  which prevents a toxic  accumulation of any l i t t l e - u t i l i z e d  material such 
as NaC1. If t h e  complex interact ions  and succession of microorganisms i n  
s o i l  are considered, t h e  t i m e  required for  complete conversion of waste i n  
s o i l  to nutr ients  su i tab le  fo r  higher plants presumably must take months. 

I n i t i a l  experiments with activated sludge waste effluent and three 
species of higher plants  (Chinese cabbage, tampala, and endive) indicate  that  
the  eff luent  does not serve as a good source of nutr ients  fo r  t h e  plants 
(ref.  42).  An excess of sodium and chloride i s  apparent. Growth of Chinese 
cabbage was  improved considerably by the  addit ion of trace amounts of copper. 
Although copper was present i n  the  effluent according to elemental analysis ,  
it w a s  not present i n  a form available t o  the plant .  
exis t  f o r  other required elements. 

The same problem may 

Dried sludge from an activated sludge cul ture  has been successfully used 
i n  the  cu l tu re  of l e t t uce  ( r e f .  45). 
p lan t  nutr ients  i s  presumably required, however, f o r  higher plant  u t i l i z a t i on .  

Microbial degradation of the  sludge to 

Higher plants as food. - Since higher plant products are a common part of 
human diets, t h i s  type of food should be acceptable w i t h  minimal processing. 
Proximate analyses of crop plants,  such as sugar cane, corn, sunflower, soy 
beans, e tc . ,  can be found i n  agr icu l tu ra l  handbooks. Proximate analyses f o r  
endive, tampala, and Chinese cabbage show that  the  prote in  and carbohydrate 
contents of these plants  approximate normal human dietary requirements 
(ref.  46). 

Advantages. - 
1. Food from higher p l an t s  i s  highly acceptable from a psychological 

and physiological standpoint. 
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2.  C02 i s  absorbed and 02 i s  produced as a par t  of t h e  photosynthetic 
react ion. 

Disadvantages. - 
1, 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

The higher plant system has a high fixed weight, volume, and power 
requirement . 
The system has high heat r e j ec t ion  requirements. 

The r a t i o  of unedible t o  edible par t s  of some plants  i s  high. 

System operation i s  d i f f i c u l t  under zero gravi ty.  

Plant growth charac ter i s t ics  under zero gravi ty are unknown. 

Food production r a t e  i s  slow and periodic, and the  food requires 
processing f o r  preservation. 

Plants are sens i t ive  to environmental conditions. 

Large amounts of t ranspired water must be handled. 

Development s t a tus  and uncertaint ies .  - Development of hydroponics fo r  
space use is  s t i l l  i n  the  early stages. Conclusive data are lacking i n  t h e  
areas of ph,otosynthetic efficiency, sens i t iv i ty  to various environments, and 
operation and growth under zero gravi ty.  Some vegetables, such as tomatoes, 
a re  currently being-grown hydroponically fo r  commercial markets. 
def in i t ion  of anc i l la ry  equipment requirements i s  needed. 

Further 

Engineering data .-  The weight, volume, and power requirements of a con- 
ceptual system to s a t i s f y  30 percent of a man's food requirement are estimated 
as follows: 

1. Power: 10.8 kW 

2 .  Volume: 21 f t3  

3 .  Surface area: 42 f t 2  

Other Food-Pr oduc i ng Bios y s t ems 

Other biosystems have been proposed for  food production and/or gas 
exchange i n  closed ecological systems. 
these systems does not permit a de ta i led  evaluation. 
outstanding advantages over biosystems already discussed. 

The l imited data avai lable  concerning 
They do not show any 

One of the  biosystems proposed u t i l i z e s  members of the  lower plants  such 

Lower plants  have almost a l l  t h e  disadvantages 
as Spirodella (duckweeds) which would perform t h e  same functions as algae or 
higher plants  ( re fs .  47, 48). 



of t he  former two systems and no outstanding advantages. Advocates of t h e  
biosystem stress tha t  t h i s  system presents simpler gas transfer operations 
under conditions of zero gravity.  

The use of herbivorous invertebrate animals, such as Daphnia and A r t e m i a ,  
has a l s o  been proposed as l inks  i n  a food chain consist ing of algae- 
invertebrates-man. From an energetics point of view, the  use of intermediates 
i n  a food chain i s  undesirable because t h e  ecosystem must be penalized i n  
terms of weight and volume i n  proportion to the  ineff ic iencies  i n  food produc- 
t i o n  of t h e  intermediate. Furthermore, operations and control  of t h e  ecosys- 
t e m  become more complex with each addi t ional  subsystem. Biosystems dependent 
on herbivorous f i s h  such as Talapia and animals such as chickens and rabbi ts  
present t he  same serious disadvantages alrea6y mentioned. 

Some research has a l s o  been conducted on the  cul ture  of plant  t i s sues  
as a source of food (refs.  49-51). The complex nutr ient  medium required fo r  
t i s sue  cul ture ,  t i s s u e  suscept ib i l i ty  to microbial contamination, and t i s s u e  
growth habit  and growth rate appear to be major roadblocks to t he  use of 
plant t i s sues  as a source of food. 
culture.  

The same reasoning holds fo r  animal t i s s u e  

Waste Processing Biosystems 

L i t t l e  research has been devoted to waste processing techniques with t he  
specif ic  objective of producing nutr ients  fo r  biosystems . For quant i ta t ive  
work with biological  systems, biologis ts  se lec t  defined media i n  which t h e  
concentration of each component i s  known, as t h e  use of poorly defined sub- 
stances often produces unexplainable perturbations i n  t h e  system under study. 
Urine and feces are prime examples of poorly defined substances and ye t  are 
the  substances t ha t  must be studied to determine the  degree of waste-food 
closure possible i n  a closed ecology. 
of feces and urine derived from conventional diets i s  ra ther  imposing 
(refs. 48, 49), feces and urine have not been completely characterized, espe- 
c ia l ly ,  t he  organic components i n  feces.  The components i n  both wastes, more- 
over, vary widely depending on d i e t  and donor and it i s  very d i f f i c u l t  to 
col lec t  and preserve material of reasonable uniformity fo r  study. 

Although t h e  list of known components 

Activated Sludge 

The act ivated sludge process allows recovery of water from feces and 
urine and/or t he  degradation of soluble organic wastes in to  compounds u t i l i z -  
able i n  photosynthetic systems (refs. 52-55). Organic matter i n  t h e  waste is 
oxidized by encouraging growth of a mixed f l o r a  of aerobic microorganisms. 
Although most of t h e  soluble organic matter i s  oxidized to CO2 and water, a 
by-product of t h e  process is microbial ce l lu la r  material. Furthermore, a 
res idua l  quantity of organic matter refractive t o  microbial degradation 
remains. 
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Process description. - 
V a s t  e oxidat ion : 

15325 g 
HZO 

Equations for the  process are as follows (ref. 52) : 

1558.5 g . H20 

Biomass synthesis : 

n(Cx%Oz) + + n(x + y - z - 5) o2 + 

(C,€$,NO,)n + n(x - S)CO, + 5 1 n (y - k)H$ 

Biomass oxidat ion: 

(C,H,NOz)n + 5n02 + 5nC02 + 2nH20 + ri"~ 

Essent ia l  inputs to t h e  process include O2 and cooling water. Outputs 
of t he  process include C02 ,  bac t e r i a l  cells,  r e f r ac t i ve  organic matter, and 
heat as shown i n  t h e  schematic flow diagram ( f i g .  7) and by t he  material 
balance ( f i g .  8) .  I n  t h i s  process, s o l i d  wastes are macerated and blended 

BASIS: I man -day 

SEPARATOR 

COLLECTOR 

BIOSYSTEMS 

ORGANIC WASTES 
(DEGRADABLE) 

07 BIOMASS 

ORGANIC WASTES 
(NONDEGRADABLE) 37.5 

MINERALS 

Figure 8 .- Material balance, act ivated sludge. 
RECIRCULATION 

with u r i n e  and personal hygiene waste 
water to form a f ine ly  dispersed sus- 

uously or semicontinuously to a 
reactor  containing a microbial suspen- 
sion t h a t  must be supplied oxygen. 

E 02 

Figure 7.- Schematic diagram of an  ac t iva ted  sludge pension. The waste i s  pumped contin- 
w a s t e  treatment system. 

On demand of a sensor i n  t h e  aera t ion tank 02 i s  added to t h e  bac te r ia l  sus-  
pension. G a s  and l i qu id  are mixed by reci rcula t ing t he  suspension within t h e  
reactor .  Since C 0 2  i s  produced by t he  system, t h i s  gas, along with some 02, 
is  vented through a gas- liquid separator.  
ca l ly  or continuously discharged to a sol ids  separator.  
i s  returned to the  aera t ion tank and t h e  t rea ted  waste water i s  pumped to 
other biosystems as a source of nut r ien ts .  

Microbial suspension i s  p e r i o d  - 
The microbial biomass 
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Microbial growth rates and consequently the  waste processing rate of t h e  
system is  governed principal ly by O2 available t o  individual microbial c e l l s .  
However, it should be recognized t h a t  insuff ic ien t  quant i t ies  of any required 
microbial nutr ient  can l i m i t  growth. Also, the  physiologically desirable 
temperature range (20' t o  40° C )  and pH(7-8) must be maintained. 
growth conditions can be achieved by fixing the  rate at which wastes of 
uniform composition are fed and microbial suspension i s  harvested. 

Steady-state 

Advantages. - 
1. 

2 .  

3 .  

4. 

5. 

6. 

An activated sludge system can transform organic wastes in to  nu t r i -  
ents  of known benefi t  t o  photosynthetic systems. 

The mixed microbial f l o r a  of an ac t iva ted  sludge system can perform 
t h e  waste treatment function under a wide range of environmental 
conditions and can oxidize a wide spectrum of wastes. 

Activated sludge systems have operated r e l i ab ly  f o r  periods of years 
under earthbound conditions. 

Large quant i t ies  of noxious gases are not generated by the  process 
provided a suf f ic ien t  quantity of O2 is  avai lable  f o r  microbial 
oxidat ion. 

The act ivated sludge process proceeds a t  low temperature and 
pressures. 

Volat i le  wastes are s t ab i l i zed  by the  process t h a t  s implif ies  
eventual water recovery operations. 

Disadvantages. - 
1. 

2 .  

3 .  

4. 

5. 

An act ivated sludge system presents d i f f i c u l t  problems i n  gas- liquid 
contacting and gas- liquid,  sol id- l iquid separation under weightless 
conditions. 

If suboptimum quanti t ies  of O2 are provided, undesirable v o l a t i l e  
compounds (e.  g . , "3) or p a r t i a l l y  oxidized compounds ( e. g . , NO2) 
may be generated. 

Complete mineralization of organic matter i s  not accomplished by t h e  
process i n  a reasonable t i m e  period. 

The process i s  r e l a t ive ly  inf lex ib le  t o  t rans ient  conditions. 

Fai lure t o  supply 0, t o  t h e  syseem f o r  extended periods of t i m e  w i l l  
encourage t h e  establishment of an anaerobic f l o r a  of microbes and the  
production of undesirable end products (e.g., CH4, H2S) 
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Development s t a tu s  and uncertainties.  - Activated sludge systems have been 
used fo r  years by municipalities f o r  t h e  treatment of domestic and/or a wide 
var ie ty  of i ndus t r i a l  wastes. 
with very d i lu t e  wastes (< 1.0 percent so l ids ) ,  while a process capable of 
handling more concentrated wastes i s  required f o r  space. A spacecraft scale  
unit  handling concentrated wastes w a s  t e s t ed  fo r  30 days i n  t he  MESA 
experiment with less than acceptable results. 

Experience w i t h  t h e  process has largely been 

There i s  some experimental evidence t h a t  wastes at  high sol ids  concen- 
t r a t i o n  can be handled by t h e  act ivated sludge process. 
steady- state processing rates and resu l tan t  material balances (refs. 45, 56, 
and 57). 
ing algae, but supplementation i s  generally required. 

Uncertainties involve 

Effluents from the  process have been shown to be su i tab le  fo r  grow- 

Another uncertainty with t h e  act ivated sludge system involves t h e  dis-  
posi t ion of suspended organic matter. Suspended organic matter i n  conven- 
t iona l  waste treatment i s  shunted to a dif ferent  microbial system. To recycle 
matter i n  a closed ecosystem, t h e  bac t e r i a l  biomass generated and the  organic 
matter r e f r ac t ive  t o  rapid microbial degradation must be oxidized to COz, H20, 
and salts.  It should be noted t h a t  t h e  microbial biomass has been used as a 
feed supplement f o r  chickens and pigs and, therefore,  may have some human 
food value i f  processed. Preliminary experiments have a l s o  shown tha t  l e t t uce  
can be grown on suspended sol ids  from the  process. 

More detailed data are needed on the  long-term s t a b i l i t y  and management 
of t he  act ivated sludge process. 
depends upon "steady-state" growth of microorganisms. 
i n  turn ,  depends on genetic in tegr i ty  and a r e l a t i ve ly  constant physical and 
chemical environment. This presupposes a constant feed rate of wastes of 
reasonably uniform composition. 

The s t a b i l i t y  of a n  act ivated sludge process 
Steady-state growth, 

The e f fec t s  of mutations should be minimal i n  a continuous process with 

A continuous process, 
a mixed microbial f l o r a .  Mutants generally exhibit  lower growth rates than 
the  parent s t r a i n  and w i l l  be washed from the  system. 
i n  f a c t ,  w i l l  favor microorganisms t h a t  can most effect ively  subsis t  on t h e  
waste. The mixed f l o r a  of act ivated sludge a l s o  reduces t he  probabil i ty of 
process failure due to bacteriophage. It i s  l i k e l y  t ha t  other species compet- 
ing f o r  similar substra tes  and r e s i s t an t  to a par t icu la r  phage w i l l  quickly 
supersede a phage-infected species. 

Engineering data.- Rough estimates of weight, volume, and power are based 
on an input of 2.5 liters/man-day, which includes feces, urine, and about 
one l i t e r  of other waste l iqu id .  Flow through the  act ivated sludge reactor 
w i l l  be s l i gh t ly  higher, as it w i l l  include recycle flows from the  so l ids  
separator and from the  gas- liquid separator. It i s  estimated tha t  a l iqu id  
volume of 6 l i ters lman w i l l  allow a re tent ion t i m e  of two days. The following 
estimates were made f o r  t he  t o t a l  subsystem, including reactor vessel, separa- 
tors, pump, and mixer, but excluding waste col lectors  and temporaxy holding 
components. The requirements per man are: 



1. Volume: 13 l i ters 

2. Weight: 12 kg 

3. Power: 50 W 

, 

Anaerobic Sludge Digest ion 

GAS-LIQUID 
SEPARATOR 

Anaerobic sludge digestion i s  a biological  process i n  which a mixed f l o r a  
of microorganisms i s  used to decompose organic matter i n  t h e  absence of mole- 
cular 02. Two groups of microoYganisms are believed t o  be responsible fo r  
digestion. 
alcohols while the  second group metabolizes t h e  organic acids and alcohols 
mostly to methane and C02. 
n i t ra tes ,  sulfates, and carbonates as oxidizing agents. The oxidation prod- 
ucts formed include C02 and water, whereas t h e  reduction products are methane, 
reduced organic compounds and small amounts of ammonia, molecular nitrogen, 
and hydrogen su l f ide .  
maximum) i s  reduced to methane, C02 and water, a residue of organic matter 
admixed with microbial c e l l s  remain (ref. 58). 

One group reduces complex organic compounds to simple acids and 

Oxidations are performed through t h e  use of 

Although most of t he  organic matter (90 percent 

Process description.-  A s  shown i n  t h e  schematic flow diagram ( f i g .  9) and 
material balance ( f i g .  LO), inputs to t he  process include organic matter and 
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Figure 9.- Schematic 
microbial waste 

diagram of an anaerobic 
treatment system. 
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BASIS: 
I. 90 PERCENT REDUCTION OF ORGANIC MATTER POSSIBLE WITH 

2. DIGESTION OF I 9 OF ORGANIC MATTER PRODUCES 625 liter OF 

3. WITH HIGH DIGESTION RATE, A DETENTION TIME OF IO days IS POSSIBLE 
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5. ONE gram OF WET SLUDGE SOLIDS OCCUPIES A VOLUME OF 82 ml 

ANAEROBIC .SYSTEM 

METHANE L7@ PERCENT) AND Cop (30 PERCENT) 

Figure 10.- Material balance, anaerobic microbial 
waste treatment system; basis:  g/man-day . 

heat. 
admixed with organic matter refractory to degradation. 

Outputs of t h e  process include methane, C02, and microbial cel ls  

I n  the  process shown, organic matter fYom an act ivated sludge subsystem 
i s  pumped continuously or semicontinuously to a reactor containing anaerobic 
microorganisms maintained a t  55O C.  The reactor i s  operated on a minimum 
waste detention period of 10 days and is mixed continuously. 
through a gas- liquid separator, while sol ids  from the  reactor are removed 

Gases are vented 



through a sol ids  separator. Water derived f romthe  process i s  recycled 
through the  act ivated sludge subsystem or is  pumped to water recovery. 

The waste processing rate of an anaerobic microbial waste treatment 
system i s  low. 
temperature and organic loads imposed on t h e  system. 
however, can handle organic so l ids  concentration up to approximately 50 per- 
cent. Degradation occurs most rapidly at a reactor  temperature of approxi- 
mately 550 C,  but degradation proceeds a t  somewhat reduced rates a t  
temperatures ranging from 20' to 60° C.  
a f ixed temperature, a neutra l  pH, and uniform, nontoxic wastes and loading 
rates (15 g of organic mt t e r / l i t e r /day  maximum). 

Detention times of 5 to 30 days are required depending on 
An anaerobic system, 

A stable degradation rate depends on 

Advantages. - 
1. Microbial anaerobic waste digestion complements aerobic waste digest -  

t i o n  by further transforming organic wastes i n t o  compounds su i tab le  
f o r  recycle. 

2 .  The process takes place a t  l o w  temperatures and pressures. 

3. Wastes containing 2 to 50 percent so l ids  can be handled by the  
process. (Normal range 2 to 30 percent) 

4. Oyygen is not required. 

Disadvantages. - 
1. Anaerobic microbial waste treatment i s  slow. (Detention periods of 

30 days a r e  commonly used by municipali t ies.)  

2.  Methane is produced as a by-product which may require separation 
from C02 and further processing before it can be recycled. 

3. Digestion i s  incomplete, necessitat ing further handling of so l ids .  

4. Trace amounts of gases such as H2, CO, and H2S are produced by t h e  
process. 

5. Pathogenic microorganisms survive t h e  anaerobic waste treatment 
process. 

6, Accidental admission of O2 adversely a f fec t s  t h e  process. 

7. Di f f icu l t  problems i n  gas - l iquid contacting and gas - liquid, so l id -  
l i qu id  separation under weightlessness are presented. 

8.  The process i s  r e l a t i ve ly  in f lex ib le  to t rans ien t  conditions. 
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9. Volume and weight requirement w i l l  be higher than act ivated sludge 
waste treatment because throughput rates m u s t  be lower t o  a t t a i n  
degradation. 

Development s t a tus  and uncertaint ies .  - Anaerobic sludge digestors have 
been used f o r  years by municipalities f o r  t h e  digestion of suspended organic 
solids obtained from s e t t l i n g  basins i n  waste treatment plants .  The funda- 
mentals of the  process are not w e l l  understood and operations have largely 
been conducted on an empirical basis. There has been very l i t t l e  research 
i n  applying t h i s  process t o  waste treatment i n  space. 

A number of uncertaint ies  associated with anaerobic digestion must be 
investigated t o  allow proper evaluation of t h i s  process. One uncertainty 
involves steady-state processing rates and re su l t an t  material balances a t t a i n -  
able.  For example, estimates or observations on detention times required 
range from 5 t o  30 days and loading rates range from 0.5 t o  15 g of v o l a t i l e  
matter/l i ter/day . 
process can handle ant icipated wastes as high concentrations over an extended 
time period with reasonable processing t i m e  and t h a t  a high degree of 
digestion i s  achieved. 

Experimental data should be obtained t h a t  show t h a t  t h e  

There i s  a l s o  some question as t o  the  disposi t ion of the  by-products 
produced by t h e  process, namely, methane, sludge so l ids ,  and eff luent  water. 
The methane conceivably can be used i n  chemosynthesis of sugars or t o  main- 
t a i n  reactor temperature by combustion. Sludge so l ids  from the  reactor  w i l l  
be d i f f i c u l t  t o  handle and are not l i k e l y  nutr ients  fo r  any of t h e  biosystems. 
The sludge so l ids  presumably could be stored or completely oxidized by physi- 
c a l  chemical techniques. Effluent water containing dissolved so l ids  probably 
can be handled by recycling through t h e  act ivated sludge and other biosystems 
before water recovery . 

Engineering data.- Rough estimates of weight, volume, and power fo r  the  
anaerobic system are based on a sludge input of 3.5 literslman-day derived 
from t h e  activated sludge process. It i s  estimated t h a t  a l iqu id  volume of 
40 liters/man w i l l  allow a detention time of 10 days. Est imates  which follow 
were made fo r  the  t o t a l  subsystem, including reactor  vessel, separators, p u p  
and mixer, but excluding waste col lec tor  and temporary holding components. 
Requirements per man are: 

1. Volume: 42 l i ters  

2. Weight: 42 kg 

3. Power: l q  W 

Yeasts and Molds 

Fungi t h a t  conceivably could be used i n  closed ecological systems 
include molds, yeasts,  and mushrooms. Potent ia l  ecological uses of fungi 
are:  

1. A portion of the  die t  may be provided by ce r t a in  molds and. 
mushrooms. 
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2. Molds and yeasts  may be used to s t a b i l i z e  u r i n e  and fecal waste 
while producing microbial c e l l  substance. 

3. Certain species of yeasts might be useful  f o r  separating edible and 
inedible sugars produced synthetically,  i f  t h i s  proves to be 
nee es sary . 

Process description. - Two basic fungal systems have been considered i n  
The first u t i l i z e s  mushrooms as par t  of t h e  d i e t  (refs. 59-61) t h i s  study. 

The mushrooms are grown on a synthetic compost made up of material high i n  
cel lulose  and nutr ients  from urine and fecal wastes. The compost is  condi- 
t ioned by repeated w e t t i n g ,  aeration,  and mixing u n t i l  it is broken down by 
the  organisms present. 
pasteurized by ra i s ing  bed temperature to 135' to 140 The 
temperature then i s  reduced to 75' to 80° F and t h e  propagating material or 
spawn i s  added to t h e  moist bed. 
spread over t h e  bed and kept moist. 
appear and t h e  temnerature i s  lowered to 60' F. 
maintained at 70 to 80 percent during t h e  growing period. 
t i o n  may continue over a period of two or three months. 

A f t e r  t he  compost i s  added toothe growing beds, it i s  
F fo r  24 hours. 

Then a t h i n  layer of a peat- like s o i l  i s  
Three to four weeks later,  mushrooms 

The humidity of t he  air i s  
Mushroom produc- 

The second fungal system considered i n  t h i s  study involves t he  use of 
molds-in t h e  waste processing system to s t ab i l i ze  urine, to produce microbial 
c e l l  substances, and to oxidize cellulose.  A var ie ty  of molds and a f e w  
yeasts have been examined fo r  conversion of urine and/or feces i n t o  po ten t ia l  
food (refs. 62-64). O f  approximately 30 species of molds examined, Rhizopus 
delemar and members of t h e  genus Aspergillus were found to grow w e l l  on media 
containing feces or urine. 
media containing urine. I n  a l l  these studies,  however, media containing 
waste products were supplemented with large amounts of glucose (-5 percent),  
and no data were presented fo r  yie lds  from wastes i n  the  absence of glucose. 
Neither urine nor feces contain s ignif icant  quant i t ies  of glucose or products 
eas i ly  converted to u t i l i zab l e  sugars. I n  view of t he  glucose requirement, 
an  incubation period of approximately 72 hours and incomplete waste conver- 
sions, t he  use of molds or yeasts does not appear su i tab le  fo r  waste u t i l i z a -  
t i o n  i n  a closed ecosystem. The same arguments hold fo r  studies with other 
species of molds. ( ref .  65). 

The yeast Torula u t i l i s  a l s o  grew favorably on 

Wastes as nutr ients  f o r  yeasts and molds.- Molds and yeasts exhibit  a 
heterotrophic mode of nutr i t ion,  t h a t  is, they u t i l i z e  an organic source of 
carbon to obtain energy. 
a simple sugar such as a glucose. I n  t h e  presence of adequate amounts of 02, 
molds oxidase t h e  carbon source to C02 and H20 and increase i n  mass. Yeasts 
produce t h e  same end product as molds if  supplied suf f ic ien t  02. 
absence of 02, yeasts ferment t h e  carbon source producing ethylalcohol, CO2, 
and H20 and increase i n  mass. From an energetics point of view, fermentative 
metabolism is  less e f f i c i en t  than aerobic respira t ion.  

The organic carbon source i s  generally supplied as 

In  t he  

Yeast and molds as food.- Preliminary work on t h e  nu t r i t iona l  properties 
of the  organisms has indicated t h a t  t h e  material i s  not su i tab le  as a food fo r  



rodents. Proximate analyses of yeasts and molds indicate  generally high 
protein contents similar to algae and hydrogen bacteria (ref. 66). 

Advantages - 
1. Fungi offer  a means for  oxidizing cel lulose .  

2. Fungi provide f o r  a var ie ty  i n  t h e  d i e t  of the  crew. 

3. Fungi may be grown on some components present i n  waste products. 

4. Power requirements a r e  l o w  ( l i g h t  not required).  

Disadvantages. - 
1. Nutri t ive and ca lor ic  value of fungi i s  low (mushrooms have a 

calor ic  value of 40 cal / lb)  . 
2.  U s e f u l  fungi may become infested and harmed by other types of fungi. 

3 .  Some fungal systems, such as mushrooms,are not amenable t o  zero 
gravity.  

4. Weight and volume requirements are high fo r  some fungal systems 
(mushrooms). 

5. Fungal systems consume oxygen and produce CO2. 

Development s t a tu s  and uncertainties.  - Mushrooms are grown commercially 
on synthetic bed material largely on an empirical basis. The process i s  not 
readi ly  adaptable to zero gravity operation. The use of yeasts or molds for  
waste treatment or food production as such a l s o  does not appear promising 
because of requirements fo r  large amounts of simple sugars as nutr ients .  

Engineering data.- A rough weight estimate for a mushroom culturing sys- 
tem is 351-Ox lb/man where 
d i e t .  
systems i s  l imited t o  t ha t  required by anci l lary  equipment only. No weight 
estimates are avai lable  for  other fungal systems. 

x i s  t h e  weight of mushrooms per man-day used i n  
A volume of 3Ox ft3/man i s  anticipated.  Power required fo r  fungal 

Other Waste Treatment Biosystems 

There are other biosystems t h a t  conceivably could be used f o r  waste 
treatment i n  a closed ecological system. Waste treatment by means of t r i c k -  
l ing  f i l ters,  oxidation ponds, and composting, f o r  example, a l l  depend on 
biological  agents f o r  waste s tab i l i za t ion .  

The t r i ck l ing  f i l t e r  process i s  essen t ia l ly  t h e  same as t h e  act ivated 
sludge process except f o r  t he  mode of aerat ion and i s  closely a l l i e d  to the  
manner i n  which wastes are s t ab i l i zed  i n  rivers. I n  t h i s  process, dissolved 
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organic wastes are passed over a stat ionary f i l m  of microorganism formed on 
coarse aggregate fo r  oxidation rather than  being intimately mixed with the  
microorganisms as i n  t he  activated sludge process. 
fusion from t h e  atmosphere. 
both act ivated sludge and anaerobic sludge digestion processes. Dissolved 
and co l lo ida l  organic matter i s  degraded by aerobic microbes suspended i n  t h e  
pond water. 
from the  atmosphere. 
degraded by anaerobic microorganisms f o r  the  most pa r t .  
dent on a mixed f l o r a  of aerobic microorganism and i s  generally used to 
process garbage and other wastes of r e l a t i ve ly  high sol ids  content. 

Oxygen i s  provided by d i f -  
Oxidation ponds possess t h e  charac te r i s t i cs  of 

Oxygen is provided by photosynthesis of algae and by diffusion 
Suspended matter sinking to t h e  bottom of t h e  pond i s  

Composting i s  depen- 

None of these processes of fe r  obvious advantages fo r  processing waste. 

All of these  pro- 
Furthermore, no one biological  system or combination of biological  systems 
completely reduces waste within reasonable time periods. 
cesses introduce addi t ional  problems i n  engineering design and system 
operation. 

TECHNICAL DISCUSS ION, PHYSIC OC KEMI CAL SUBSYSTEMS 

One of t he  major problems i n  u t i l i z ing  biosystems f o r  food production 
i s  obtaining t h e  proper die tary  balance between the  quant i t ies  of protein, 
carbohydrate, and fat .  
synthesis produce biomass disproportionately high i n  protein.  
important to f ind  techniques f o r  providing t h e  carbohydrates and fats 
required. 

' The biological  systems generally considered f o r  food 
It thus becomes 

Carbohydrate Synthesis 

Seven methods were investigated fo r  generating carbohydrates from 
metabolic waste products. 
from a formaldehyde-water solution.  
producing formaldehyde 

A l l  u t i l i z e  the  same technique fo r  producing sugars 
They d i f f e r  basical ly  i n  t h e i r  method of 

Process descriptions.-  I n  t he  first method, shown i n  f igure  11, concen- 

The CO and unelectrolyzed C02 then pass through a 
t r a t e d  C02 i s  electrolyzed to CO and O2 by passage through a s o l i d  e lec t ro ly te  
c e l l  subsystem (ref. 67). 
regenerative heat exchanger where they a r e  cooled. 
pressed and expanded i n  a l iquefier- separator where the  C 0 2  i s  removed and 
recycled back to t h e  C02 e lec t ro lys i s  uni t .  An a l t e rna t e  method of C02 sepa- 
ra t ion  might consist of C02 removal by passage of t he  gases through a molecu- 
lar sieve t h a t  preferent ia l ly  adsorbs C02. 

These gases are corn- 

The CO as w e l l  as some H2 i s  passed to a ca t a ly t i c  reactor where they 
This react ion takes place at  250' C and about 300 react to form methanol. 

atmospheres during commercial methanol production. 
used include a zinc-oxide base ca ta lys t  with a chromium oxide promoter and a 
copper -oxide base ca ta lys t  with a zinc -oxide promoter. 

Catalysts t h a t  may be 

The zinc -oxide base 
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ca ta lys t  i s  generally preferred because 
of i t s  long active l i f e  and res is tance 

CABIN AIR SUGAR SYRUP to poisoning (ref .  68) . This process 
i s  of t h e  recycle type i n  which 12 to 
15 percent of t h e  gas feed i s  converted 
per pass. The methanol produced is 
then oxidized i n  t h e  presence of a 
s i lver  or molybdenum oxide-iron oxide 
cata lyst  at approximately 300° C to 
form formaldehyde and H20.  Yields up 
to 92 percent have been obtained 
( r e f .  69) . This "formalin" solution, 
i n  t h e  presence of a calcium hydroxide 
ca ta lys t  and a t  about 60' C, i s  con- 
densed to form formose sugars. A t  t he  
completion of t he  condensation process, 
the  hydroxide i s  removed from t h e  

e lect rodialysis .  
Figure 11.- Carbohydrate synthesis, method 1. sugar solution for by 

coz 
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It has been suggested (ref. 70) t h a t  r e l a t i ve ly  large quant i t ies  of 
semiacetals may be present i n  t h e  formose surgars. These semiacetals when 
ingested a re  broken down by the  acidic  juices,  and re lease  r e l a t i ve ly  large 
amounts of formaldehyde and cause strong toxic  e f fec t s .  To eliminate t h i s  
toxic effect ,  t he  sugar ace ta l s  are s p l i t  by hydrolysis resu l t ing  i n  sugar 
and f r e e  formaldehyde. 'The free formaldehyde i s  then removed from t h e  sugar 
solution through a permeable membrane by inverse osmosis under pressure. 
f ree  formaldehyde i s  recycled to t h e  condensation reactor to form more sugars. 
The sugars are  then concentrated by passage through a f lash  evaporator a t  
about 50' C and a low pressure of 15 mm Hg. Water extracted i n  t he  evaporator 
i s  condensed and portions returned to t h e  hydrolysis unit  and t h e  e lec t ro lys i s  
uni t .  

The 

l y s t  a t  about 500° C. The hydrogen is 
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recycled to t h e  Sabatier  reactor .  
processed i n  a manner iden t ica l  with t h a t  used i n  method 1 t o  obtain t h e  con- 
centrated sugar syrup. Thus, t h e  react ion sequence involved is: 

The remaining hydrogen and CO are then 

Electrolysis  1 H20 -+ H 2  + z 02 

c02 + 4H2 -+ CH4 + 2H20 Sabatier  react ion 

CH4 + H20 -+ 3H2 + CO Methane cracking 

CO + 2H2 -+ C&OH Methanol synthesis 

I CH30H + 2 02 -+ HCHO + H 2 0  Formaldehyde synthesis 

HCHO -+ CH20 Polymerization 

A disadvantage of t h i s  method i s  tha t  it requires t h e  separation of hydrogen 
from t h e  react ion products of t h e  methane cracking reactor to achieve t h e  
proper CO/H2 r a t i o  f o r  methanol synthesis. 
to add C02 to t h e  gas mixture entering the  methane cracking reactor,  thus 
arr iving at  react ion products with t h e  proper CO/H2 r a t i o .  This react ion 
sequence is shown below: 

An a l t e rna t e  procedure would be 

12H20 -+ 12H2 + 602 Electrolysis  

3C02 + 12H2 -+ 3CH4 + 6 ~ ~ 0  Sabat ie r  react  ion 

3CH4 + C02 + 2H20 +- 4CO + 8 ~ 2  Methane cracking 

4CO + 8 ~ 2  -+ 4 6 ~ 3 0 ~  Methanol synthesis 

~ C H ~ O H  + 202 -+ 4HCHO + )+H20 Formaldehyde synthesis 

4 HCHO -+ 4CH2O Polymerization 

I n  the  t h i r d  method ( f i g .  13),  methane i s  produced from COS, and H2 by the  
Sabatier  process. The methane i s  then converted d i rec t ly  to formaldehyde by 

CABIN AIR 

CONCENTRATOR 

REACTOR 

METHANE 
OXIDATION 
REACTOR 

T = 4 W  C 

r--------1 
I I 
I PROCESSING I 
I SEQUENCE FOR I I FORMALDEHYDE 

CONDENSATION I -I TO SUGAR IS I [ IDENTICAL TO [ 
THAT SHOWN I ! IN FIGURE I I .  I 

L--------_1 

METHANE 
OXIDATION 

ELECTROLYSIS 
T - W  C 

Figure 13 .- Carbohydrate synthesis, method 3. 

p a r t i a l  oxidation with a i r  or oxygen. 
This i s  an exothermic react ion t h a t  
takes place a t  moderate pressure (100- 
300 ps i )  and 450' C and u t i l i z e s  a lu-  
minum phosphate and metal oxFde 
cata lysts .  The methane i s  premixed 
with oxygen and passed through a heat 
exchanger, t h e  heat source being t h e  
recycled hot products of t he  CH4 oxida- 
t i o n  reactor  where a m i x t u r e  of CH4, 
CHzOH, and HCHO i s  formed. These 
gases go through t he  preheater to t h e  
condenser. The noncondensable gases 
are recycled to t he  r a w  gas stream. 
Condensed CH30H and HCHO are separated 
with t h e  HCHO passing to t h e  HCHO 



condensation reactor and t h e  CH30H directed to a CH30H oxidation reactor  where 
additional formaldehye is formed. 
obtain sugars i n  a manner similar to method 1. 

The formaldehyde i s  then processed to 

The advantages of t h i s  method over t h a t  of method 2 are: 

1. The react ion step, methane cracking, i s  eliminated. 

2 .  Each of the  major s teps i n  t h e  react ion sequence is exothermic and, 
hence, requires l i t t l e  or no process energy. 

3. Processing s teps do not require  excessively high pressures and, 
temperatures to achieve high yields.  

I n  t h e  fourth method ( f i g .  14), concentrated COB is  used to form methanol 
d i rec t ly .  
a manner s i m i l a r  to method 1. 

The methanol i s  then used to synthesize formaldehyde and sugars i n  
The react ion sequence i s  shown below: 

r t  CMCENTR ATOR CABIN AIR 

r q  ]HP IpI 
ELECTRDLWS 

Figure 14 .- Carbohydrate synthesis, method 4. 
Electrolysis  1 

H 2 0  4 H 2  + F 02 
co2 3 H 2  4 C&OH + H 2 0  Methanol synthesis 

Formaldehyde synthesis 1 CH30H + 2 02 + HCHO + H 2 0  

HCHO + CH20 Formaldehyde condensat ion 

The advantages of t h i s  method are (1) it eliminates two of the  react ion s teps 
required i n  method 2, methane formation (Sabatier reaction) and methane crack- 
ing or hydroforming; (2) each of i t s  major react ion s teps are exothermic; 
and (3) i t s  processing s teps require  r e l a t ive ly  low temperatures and 
pressures. 

I n  the  f i f t h  method ( f i g .  15), concentrated C 0 2  i s  reacted with hydrogen 
The CO i s  separated from (water gas s h i f t  reaction) to obtain CO and water. 

t he  water, more hydrogen i s  added, and t h e  resultant mixture i s  sent  to t h e  
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Figure 15 .- Carbohydrate synthesis, method 5 .  

methanol synthesizer. The remaining 
reactions leading to sugar production 
are similar to t h a t  of method 1. The 
react ion i s  shown below: 

1 
H 2 0  4 H 2  + 2 02 

C02 + H 2  4 CO + H2O 

co + 2H2 3 C&OH 

tha t  

1 C b O H  + 2 02 3 HCHO + H20 

HCHO -+ CH20 

This method i s  advantageous i n  
CO i s  produced d i rec t ly  from C02,  

thus eliminating the  methane cracking react ion (a high pressure, high 
temperature endothermic reaction) 

I n  method 6 ( f i g .  16), C02 is  reduced by H 2 ,  producing HCQO d i rec t ly .  
This has been accomplished experimentally by three  d i f ferent  techniques: 

I 

Figure 16.- Carbohydrate synthesis, method 6. 

If high yields 
expenditure for  t h e  
highly advantageous 

(a) reduction of C02 by H2 forming 
HCHO, and a reducing vapor w a s  pro- 
duced when t h e  gases were f ine ly  
divided by passing through a porous 
membrane with l i g h t  used as a react ion 
promoter, (b) small quanti t ies  of HCHO 
were formed from a mixture of C02 and 
H2 when t h e  gas mixture  w a s  placed i n  
a luminous discharge, and (c) HCHO and 
C&OH were synthesized from H 2  and COz 
at  1 5  p s i  with a platinum g e l  catalyst. 
The formation of HCHO was favored. 

The formaldehyde synthesized i n  
t h i s  manner i s  then processed to 
obtain sugars i n  a manner similar t o  
method 1. 

and efficiency can be obtained a t  reasonable energy 
d i rec t  conversion of C02 to formaldehyde, it would be 
from t h e  standpoint of process simplification. 

I n  t h e  seventh method ( f i g .  l7), t he  concentrated pure C 0 2  is  combined 

This react ion i s  approximately 80 percent e f f i c i en t  and has an estimated 
with hydrogen in a glow discharge reactor at  low pressure (26 mm Hg) to form 
CO. 
y i e ld  of -110 g of CO per kWh. 
the  CO formed i n  t h e  react ion proceeds to t he  s i l e n t  discharge reactor.  
portion of these gases i s  mixed with water before passing through t h e  reactor.  

The unreacted C 0 2  and hydrogen as w e l l  as 
A 
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- 
Figure 17.- Carbohydrate synthesis, method 7. 

The react ion temperature i s  about 60° 
t o  80' C .  The formaldehyde formed i n  
the  s i l e n t  discharge reactor  i s  d i s-  
solved i n  t h e  water passing through 
t h e  reactor  forming a formalin solu-  
t ion .  The formalin so lu t ion  and 
unreacted H2, CO, and C 0 2  then pass t o  
a liquid-gas separator where the  CO, 
C02, and Hz a r e  recycled t o  the  s i l e n t  
discharge reac tor  f o r  further  formal- 
dehyde production. I n  general, s ince 
t h e  rate of formaldehyde formation i s  
much lower than t h a t  of CO, t h e  gas 
m i x t u r e  passing through t h e  s i l e n t  d i s-  
charge must be recycled several times. 
To decrease losses by decomposition of 

formaldehyde i n  t h e  s i l e n t  discharge reactor ,  ample water must be kept flow- 
i n g  through the  reactor  t o  dissolve t h e  formaldehyde as it i s  formed and the  
temperature of t h e  recycled mixture entering the  reactor  must be kept low. 
The formaldehyde react ion  has an estimated y i e l d  of about 5 g HCOH/kWh and 
conversion eff iciencies  of as high as 70 percent have been sfiggested 
(ref .  73). 

A portion of t h e  formalin solut ion i s  recycled t o  the s i l e n t  discharge 
reactor  after being cooled t o  dissolve more formaldehyde. 
t i o n  i s  processed i n  a manner iden t i ca l  with method 1 t o  obtain the  sugar 
syrup. 

The remaining por- 

Carbohydrate processing. - The cmbohydrates synthesized by t h e  preceding 
methods w i l l  contain many molecular s t ructures .  
sugars are known t o  be nut r i t ional ,  and some may be toxic .  
of nu t r i t iona l  from nonnutrit ional sugars may be required. 

Only a portion of these 
Thus, separation 

Feasible methods fo r  these separations are not evident. I n  some cases 
stereoisomers are separated by react ing with an opt ica l ly  ac t ive  substance 
i n  t h e  following manner: 

D-acid + D-base -+ S a l t  "A," D-acid D-base 

L-acid + D-base -+ S a l t  "B," L-acid D-base 

S a l t  "A" and sal t  "B" w i l l  have d i f ferent  physical properties and are separ- 
able.  No speci f ic  applicat ion of t h i s  technique t o  t h e  separation of sugars 
i s  known. 

T h e  nonnutrient sugars may be oxidized t o  H20 and CO or C02 as r a w  
materials fo r  recycling. 

Advantages. - 
1. System operation does not depend upon t h e  v i a b i l i t y  of l iv ing  

organisms. 
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2. The food yielded through physiochemical synthesis may be more 
readi ly controlled than t h a t  produced biological ly.  

3.  Waste products of grea tes t  mass (C02 and H20)  from the  crew's 
metabolism can be used i n  t h e  production of t h e  carbohydrates. 

4. This method of producing carbohydrates i s  r e l a t ive ly  insens i t ive  t o  
spacecraft  environment - 

5. Time required fo r  carbohydrate production is less than by biological  
methods. 

Disadvantages. - 
1. The power requirement i s  r e l a t ive ly  high. 

2. The system is  r e l a t i v e l y  complex. 

3. The design of the  system f o r  zero gravi ty operation may be d i f f i c u l t .  

4. Possible safety hazards may occur because of the  high voltage or 
high temperature requirements of t h e  system. 

5. Heat r e j ec t ion  requirements are high. 

Engineering data.  - 
1. Weight : Undetermined. 

2. Method 7 requires  2.8 kW (ref .  70) t o  produce 690 g/day of hexose 
sugar. 
sugar, which i s  approximately the  normal amount of carbohydrate i n  
man's d i e t ,  it i s  1.38 kW/man. 

Scaled down t o  r e f l ec t  production of 341 g/man-day of hexose 

3. Volume : Undetermined. 

Development s t a t u s  and uncertaint ies .  - The systems f o r  physicochemical 
synthesis of carbohydrates are i n  t h e  very ear ly  stages of development. 
invest igators  have studied the  individual react ions tha t  make up t h e  overa l l  
carbohydrate synthesis react ion.  
these individual react ions t o  form a closed system for continuous carbohydrate 
production. All work, t o  date, has been on a laboratory sca le  with l i t t l e  
emphasis on development of space-type hardware. 

Many 

Some work has been done on integrat ing 

Uncertainties ex i s t  i n  t h e  following areas : 

1. The individual react ions do not appear t o  be integrated from t h e  
standpoint of balancing t h e  avai lable r a w  materials (C02 ,  H,O, e t c . )  
against the  amount of carbohydrates t h a t  must be produced. 
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2. An improved reactor  design and t he  discovery of more e f f i c ien t  
ca ta lys ts  could s ignif icant ly  reduce power requirements. 

3. It has not been demonstrated t ha t  t h e  carbohydrates synthesized are 
edible.  
of t he  r a w  sugars i n  man's d i e t .  
techniques f o r  refinement of t h e  r a w  sugars t o  remove any toxic  
components t ha t  might exist. 

Additional tests  are required t o  determine the  acceptabi l i ty  
It may be necessary t o  develop 

4. The synthesis processes must be adapted f o r  use i n  a zero gravity 
envir onment . 

Synthesis of Fats 

Although man may be ab le  t o  t o l e r a t e  a d i e t  devoid of fa ts ,  there  i s  
some evidence t ha t  ce r ta in  f a t t y  acids are essen t ia l .  Thus, synthesis of fats 
as such may not be required, but synthesis of at least the  essen t ia l  f a t t y  
acids appears t o  be necessary f o r  a completely closed ecology. Fats  a r e  
es te r s  formed by t he  react ion of organic acids with glycerol .  Such es te r s  
are a l s o  c lass i f i ed  as glycerides. 
glycerol molecule is  e s t e r i f i ed  with th ree  molecules of t h e  same acid.  
fats and o i l s  of a normal d ie t  are mixtures of mixed glycerides. A mixed 
glyceride i s  one i n  which one molecule of glycerol  has been e s t e r i f i ed  with 
two or th ree  differeqt acids.  
glycerol  t o  form fats i s  achieved simply by heating the  reactants  at sui table  
temperatures. 

Simple glycerides are those i n  which each 
Most 

The e s t e r i f i c a t i on  of f a t t y  acids with 

Synthesis of f a t t y  acids.  - An organic ac id  of a low molecular weight i n  
the  f a t t y  ac id  series can be synthesized from t h e  same intermediate compounds 
shown fo r  carbohydrate synthesis as follows : 

CH30H + CO CH3COOH (ace t i c  ac id)  

Fatty acids of higher molecular weights may be synthesized by s t a r t i ng  with 
methane, which i s  another po ten t ia l  intermediate compound i n  carbohydrate 
synthesis.  

The methane i s  converted t o  acetylene, which i s  subsequently converted 
t o  ethylene. 
a lys t s ,  it i s  now possible t o  polymerize ethylene t o  terminal o lef ins  of 
controlled chain length. Olefins having chain lengths i n  t h e  f a t t y  ac id  
range (12-20 carbon atoms) are prepared commercially by t h i s  method. 
conversion of t he  terminal o lef ins  t o  f a t t y  acids may be achieved by the  
"OXO" process or by oxidative cleavage of t he  ethylenic bond. 

Through recent technological developments on Ziegler -type cat - 

The 

Synthesis of glycerol .  - The common indus t r i a l  method fo r  synthesizing 
glycerol  starts with fats ,  and i f  fats were avai lable  there  would be no need 
to -synthesize them. Another i ndus t r i a l  method i s  t o  ferment sugar with yeast 
under specia l  conditions. 
pure physicochemical system and the re  i s  fur ther  t he  probabil i ty t ha t  a yeast 

The use of a yeast cul ture  i s  a departure from a 



can b e  selected which w i l l  synthesize fats, thus eliminating the  need fo r  
glycerol.  
methane t o  acetylene. The acetylene is then reacted with formaldehyde t o  
form propargyl alcohol, which i s  i n  t u rn  hydrogenated t o  a l l y l  alcohol and 
subsequently hydroxylated to glycerol .  

A possible glycerol  synthesis method starts with converting 

Development s t a t u s  and uncertaint ies.  - There are no known developments 
i n  spacecraft hardware fo r  synthesizing fats by physicochemical means. 
fragments of po ten t ia l  synthesis processes have indus t r i a l  applications. 
Specif ic  requirements for  fats or f a t t y  acids i n  t h e  human d i e t  have not been 
conclusively established. If it i s  determined t h a t  ce r ta in  f a t t y  acids are 
essent ia l ,  it may be more economical t o  provide these i n  a stored supply, 
ra ther  than by synthesis.  The s tored supply might be either a chemical 
dietary supplement or a conventional food. 

Some 

Synthesis of Amino Acids 

One method of synthesizing amino acids i s  by halogenating a f a t t y  ac id  
i n  t h e  alpha position, as follows: 

C&COOH + C 1 2  + H C 1  + CHZClCOOH Chlor oacetic ac id  

CH2C1COOH 3- 2r\sH3 + NH4C1 + CH2(JW2)COOH Glycine 

or 
CGCHzCOOH + C 1 2  4 H C 1  + CGCHClCOOH Chloroproprionic acid 

C&CHClCOOH + "3 4 "4c1 + CH3CH(NHz)COOH Alanine 

Only a f e w  of t he  amino acids have s t ructures  with a di rec t  counterpart i n  
t he  f a t t y  ac id  series. There may be other organic acids t ha t  react  with 
halogens i n  a manner which leads t o  an amino ac id .  

Other methods fo r  the  synthesis of amino acids are described i n  
following paragraphs. 

I n  general,  t h e  y i e ld  of amino acids produced by these methods i s  qui te  
low. 
t o  check theor ies  concerning t he  formation of organic compounds under primi- 
t ive  ear th  conditions, A s  such, l i t t l e  a t t en t ion  w a s  devoted t o  t he  
e f f i c ien t ,  high y i e ld  of edible amino acids. 

The main object iee of these synthesis experiments, however, has been 

Pansynthesis. - Pansynthesis (simultaneous synthesis of many) of amino 
acids has been achieved i n  t h e  laboratory, but t he  y ie lds  have been extremely 
low. One method i s  t o  heat a mixture of "formose" with urea ( r e f .  74). I n  
t h e  bes t  case, only 2 percent conversion of nitrogen i n  the  react ion with 
urea was obtained. 
unknowns as t o  nu t r i t iona l  value of t he  amino-acid mixture. Although 10 
amino acids were iden t i f i ed  i n  the  mixture, these did not include a l l  of 
those essen t ia l  fo r  man. 
L-isomers. Certain D-isomers a r e  known t o  subs t i tu te  at least i n  pa r t  for 
corresponding L-isomers under ce r ta in  conditions of d i e t .  There is  some 

The reaction t i m e  was 10 days. There are a l so  some 

There is  a l s o  a nu t r i t iona l  preference for 
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indicat ion t h a t  polymers may be better accommodated by man than the  free 
amino acids.  Thermal panpolymerization, leading t o  proteinoids, has been 
demonstrated i n  t h e  laboratory. 

Synthesis by e l e c t r i c a l  discharge.- Neutral, basic,  and ac id ic  amino 
acids have been synthesized i n  milligram quant i t ies  by exposing a mixture of 
hydrogen, methane, water vapor, and ammonia t o  a high frequency spark d i s-  
charge f o r  a period of about one week (ref .  75) .  
ta ined a t  a temperature of 70° t o  80' c and a t o t a l  pressure of 60 t o  
80 mm Hg. The products of t h i s  synthesis reac t ion  were glycine, alanine, 
sarcosine, P-alanine, B1, x-amino-butyric acid,  and B2. 

The gas mixture w a s  main- 

Synthesis by i r r ad ia t ion .-  Quantities of amines and amino acids have 
been synthesized by the  ac t ion  of u l t r av io le t  l i g h t  i n  the  wavelength range 
of 1869 on a mixture of ethane, ammonia, and water (refs.  76, 77) .  

Considerable amounts of amino and f a t t y  acids were synthesized by 
i r r ad ia t ion  of ethane, ammonia, and water vapor with a mercury lamp fo r  a 
period of s i x  hours. 
and a t o t a l  pressure of one atmosphere ( r e f .  78).  

The gas mixture w a s  maintained a t  a temperature of 50' C 

Amino acids have been synthesized by u l t r av io le t  i r r ad ia t ion  of a 
2.5 percent solut ion of formaldehyde containing ammonium chloride or ammonium 
n i t r a t e  ( ref .  79) . 
by i r r ad ia t ion  of CH4, C02, "3, N2, H20, and H2 by X-rays ( ref .  79) .  

A number of amines and amino acids have a l s o  been produced 

Catalyt ic  synthesis.  - It has been shown experimentally t h a t  ser ine  and 
threonine peptides can be synthesized through t h e  ca ta ly t i c  surface react ion 
of formaldehyde and acetaldehyde with polyglycine adsorbed on kaol in i te .  

Development s t a t u s  and uncertaint ies .  - There are no known developments 
i n  spacecraft  hardware fo r  the  synthesis of proteins or protein derivatives 
of physicochemical means. 
have been demonstrated i n  the  laboratory. A l l  of t h e  e s sen t i a l  amino acids 
have been synthesized by indus t r i a l  methods, but these  have not been l imited 
i n  r a w  materials t o  man's metabolic wastes. Some of the  amino acids are 
required i n  such small quant i t ies  t h a t  a s tored  supply may be more economical 
than means f o r  synthesis.  
dietary supplement or i n  conventional food. 

Some fragments of po ten t i a l  synthesis processes 

The stored supply might be e i the r  i n  a chemical 

Physicochemical Waste Processing 

The pr inc ipal  materials f o r  food synthesis are C02 and H 2  which may be 
obtained by processes such as water e lec t ro lys is  and concentration of meta- 
bol ic  C02 from the  spacecraft  atmosphere. 
and H20 may be produced by oxidation of organic material i n  the  so l ids  of 
urine and feces.  
providing f o r  t h e  reduction of w a s t e  so l ids  and water recovery, are discussed 
below. This i s  not intended t o  represent mention of a l l  candidate processes. 

Additional small amounts of C 0 2  

Several processes f o r  achieving t h i s  oxidation, as w e l l  as 



Zimmerman w e t  oxidation process. - The basic pr inciple  involved i n  t h e  
w e t  oxidation of wastes i s  the  combustion of these wastes with air at high 
pressures, oxidizing organic matter dissolved or suspended i n  water. The 
wastes are burned i n  t h e  presence of water as completely as i f  the  water were 
evaporated before combustion. 
nitrogen, COz, and ash (refs. 80-82). 

The end products i n  both cases are steam, 

Process description. - A s  shown i n  f igure  18, the  waste products gener- 
a ted  onboard the  spacecraft are wet-ground i n  the  waste pulverizer and 

EFFLUENT TO ASH AIR GAS, STEAM 
SEPARATION TANK MOISTURE 

blender t o  form a homogeneous s lur ry .  
The waste s lur ry  i s  then passed 
through a preheater where it i s  heated 
by hot eff luent  returning from t h e  
oxidation reactor .  The waste is pres-  
surized t o  approximately 1800 psig and 
mixed with compressed air a t  the  same 
pressure. It passes through a series 
of regenerative heat exchangers where 
heat is  picked up from the  hot oxidized 
eff luent  returning from the  reactor,  
and t h e  waste s lur ry  i s  r a i sed  t o  t h e  
required temperature. The heat 
required fo r  s t a r t i n g  the  process is  
provided from an external  source. 

Figure 18.- Schematic diagram of the  Zimmerman w e t  
oxidation waste reduction system. The waste s lur ry  and air mixture 

enters  the  reactor and is oxidized, 
l ibera t ing  addi t ional  heat.  

After leaving the  reactor,  t he  l iqu id  and gas of the  eff luent  are sepa- 
ra ted .  
ing up i t s  excess heat t o  incoming waste s lur ry .  
gases are expended through a turbine and thus cooled. 
the  power t o  drive t h e  air compressor. 
discharges t h e  water eff luent .  Since the  oxidation process proceeds smoothly 
only i n  t h e  presence of l iqu id  water, care must be taken t o  insure tha t  
ample water is  provided i n  t h e  reactor throughout waste oxidation. 

The l iqu id  passes back through the  regenerative heat exchangers, giv-  
The hot, high-pressure 

The turbine provides 
A back pressure valve continuously 

Advantages : 

1. Dehydration of wastes i s  not required pr ior  t o  oxidation. 

2. L i t t l e  excess air  i s  required fo r  combustion. 

3 .  All so l id  organic matter i s  effect ively removed from t h e  effluent 
except for  insoluble ash, leaving an ef f luent  s i m i l a r  t o  t ha t  from 
an anaerobic digestion process. 

4. Wastes are processed rapidly.  
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5. The power requirement i s  low because energy is recovered from t h e  
exothermic reaction. 

6. The volume requirements are low. 

7. Reduction depends only upon a chemical react ion rather  than on t h e  
v i a b i l i t y  of a biological  system. 

8. The process is  r e l a t ive ly  easy t o  operate and matain. 

Disadvantages : 

1. The reactor  would be d i f f i c u l t  t o  operate with a two-phase f l u i d  
under zero gravi ty.  

2 .  The high pressure and temperature of t h e  f l u i d  presents a possible 
explosion and burn hazard. 

3. The product of t h e  process s t i l l  needs fur ther  processing before 
potable water i s  obtained. 

4. Oxygen i s  required for  waste reduction. 

Engineering data: The estimated weight and power required fo r  a 
Zimmerman process uni t  t o  handle t h e  wastes of a 10-man crew are 40 kg and 
130 W. 

Development s t a tus  and uncertaint ies  : This process has not been 
developed fo r  space use although a number of commercial plants  use t h i s  system 
t o  process c i t y  sewage sludge. Uncertainties connected with the  use of t h i s  
system include: 

1. The plants  b u i l t  t o  date  are more than 1000 times larger  than needed 
for space use. The operating Characteristics of such a unit  when 
scaled down by a fac tor  of 1000 must be determined. 

2 .  The composition of t h e  eff luent  required fo r  use i n  food generation 
i s  not established. 

3 .  The composition of the waste t o  be processed by t h i s  method cannot 
be established u n t i l  a d i e t  i s  defined. 

Waste reduction and water recovery by a combustion process. - 
Process description: A schematic diagram of t h e  system is  shown i n  

f igure  19 (ref.  83). Urine and feces are supplied t o  t h e  system along with 
a i r .  A i r  and the  wet wastes are compressed separately and passed through a 
regenerative heat exchanger t o  a combustor. All water i s  vaporized i n  the  
heat exchanger. Sol id organic material enters  t h e  combustor and i s  burned 
at approximately 1000° F. The stream of combustion products reenters the  



regenerative heat exchanger where a portion of heat of combustion i s  removed, 
p a r t i a l l y  condensing t h e  water vapor contained i n  t h e  stream. When the  stream 

temperature is  about TOO0 F, t h e  stream 

through a zinc-oxide bed and a so l ids  

s o l i d  pa r t i c l e s .  The stream then 
reenters  t h e  heat exchanger and i s  
cooled fur ther .  A f t e r  leaving t h e  
heat exchanger, t h e  stream i s  expanded 
through a turbine to recover useful  
energy and f o r  further  cooling. The 
turbine drives t h e  storage tank mixer 
and t h e  f l u i d  pumps. The gas stream 
passes through t h e  water separator,  
where entrained water is  removed, and 
then to t he  cabin. The water removed 
by t h e  separator i s  passed through a 

components and then is stored. 

COz TO CABIN OR i s  routed from t h e  heat exchanger 

URINE AND FECES f i l t e r  which remove su l fur  dioxide and 

Figure 19.- Schematic diagram of the waste 
combustion and water recovery system charcoal f i l t e r  to remove dissolved 
(ref. 86). 

Advantages : 

1. Low power requirement. 

2. Low fixed weight requirement. 

3. Oxidizes harmful organic matter and bacter ia .  

4. High integrat ion potent ia l .  

5. Provides f o r  f e c a l  water recovery. 

6. High water recovery efficiency. 

Disadvantages : 

1. 

2. Relatively complex. 

3 .  

4. 

Engineering data: 

1. Weight: Unknown. 

2. Power: 15 W/man (ref .  83). 

3. Volume: Unknown. 

High expendable weight (oxygen and charcoal) . 

Possible safe ty  hazard (burn and contamination). 

Based on continuous process, when operation may have to be cycl ic  



Development s t a t u s  and uncertaint ies:  This system i s  i n  a conceptual 
stage and needs experimentation t o  determine t h e  va l i d i t y  of theore t i ca l  heat 
t ransfer  rates, power requirements, and process rates. It must a l so  be deter- 
mined whether t h e  waste residue produced by t h i s  process i s  useful.  

Waste processing f o r  nitrogen recovery. - Nitrogen i s  required for syn- 
thes i s  of amino acids.  Most of t he  nitrogen i n  wastes is as urea, and most 
of the  mea i s  i n  t h e  urine. 
on t he  process fo r  synthesizing the  amino acids. 
would require separation from urine. 
of the  urea as follows: 

The processing t o  recover nitrogen w i l l  depend 
U s e  of t h e  nitrogen as urea 

U s e  as ammonia may involve hydrolysis 

The processing would probably be l e s s  complex i f  the above reaction were 
accomplished i n  t h e  urine, followed by separation of gaseous ammonia from t h e  
l iqu id  residue. 

Incineration. - Products from incinerat ion m y  be useful i n  biosystems. 
Present procedures, however, do not permit quant i ta t ive  conversion of feces 
and urine t o  nutr ients  useful i n  biosystems. The carbon i n  t h e  waste is  not 
quanti tat ively converted t o  COz,  t he  ash generated i s  not t o t a l l y  soluble, 
and gaseous nitrogenous products require  further processing f o r  conversion t o  
products su i t ab le  f o r  biosystems. A loss  of a t  l e a s t  0 .2  percent of t he  
CO t o  the  ash and an ash so lub i l i ty  of 75 t o  85 percent is  estimated 
( refs .  17 and 21) .  

Other waste-processing methods. - Information similar t o  t he  foregoing 
i s  available from previous programs on other subsystems fo r  so l i d  waste reduc- 
t i o n  and water recovery. The water recovery subsystems considered were 
e lec t  r odialy s i s  ads or pt  ion, vacuum d i  s t i l la t  ion -pyr oly s is, vapor c ompr es s ion - 
ads orpt ion, air -evaporation -ab s orpt  ion, vacuum d i  s t  i l l a t  ion -ads or pt  ion, and 
mul t i f i l t r a t ion .  Less  deta i led  information is available on such water recov- 
ery techniques as r e i t e r a t i v e  freezing, freeze crys ta l l iza t ion,  freeze sub- 
limation, u l t r a f i l t r a t i on ,  reverse osmosis, osmionic process, thermo-osmosis, 
e lec t ro lys is ,  multieffect evaporation, thermoelectric d i s t i l l a t i o n ,  solvent 
extraction, electrochemical t r ea tment  f i l t r a t i o n ,  ion exchange, and hydrate 
formation (ref .  84). The so l i d  waste-processing techni ues considered were 
freeze-drying, thermal decomposition, and incinerat ion 

Other Subsystems 

Whether food i s  synthesized and waste is  reduced biological ly or physico- 
chemically, ce r ta in  other subsystems are needed t o  f u l f i l l  such functions as 
separating C02 from t h e  cabin air,  producing and s tor ing oxygen, electrolyz-  
ing water, and controll ing contamination. 
subsystems t h a t  may have applicat ion t o  a closed ecology. 

Table V indicates some of these  



TABLE V. -  SUBSYSTEMS FOR REGENERATIVE LIFE SUPPORT SYSTEMS 

I Function 

COB removal and concentration 
(ref. 86) 

C02 reduct ion 
(ref. 86) 

Water e lec t ro lys i s  
( ref .  86) 

Contaminant control  
( ref .  87) 

Subsystem or technique 

Molecular sieve adsorption 
Sol id  amine adsorption 
Freeze -out 
Electrodialysis  
Diffusion through membranes 

Bosch react ion subsystem 
Sabatier  react ion subsystem 
Sol id  e lec t ro ly te  subsystem 
Molten e lec t ro ly te  subsystem 
Thermal dissociation at  reduced 

pressure 

Double membrane c e l l  
Alkaline e lec t ro ly te  c e l l  
Hydrated phosphorus pentoxide c e l l  
Rotating e lec t ro lys i s  uni t  
Palladium cathode-hydrogen diffusion 

Sol id- sta te  e lec t ro ly t ic  c e l l  
un i t  

Activated char coal  
Catalytic burner - palladium ca ta lys t  
Catalyt ic  burner - hopcali te ca ta lys t  
Catalyt ic  oxidation uni t  

TECHXICAL DISCUSSION, CLOSED FOOD-WASTE LOOP 

The Nutrient Balancing Problem i n  a Closed Ecology 

A c r i t i c a l  area i n  closing the  ecology aboard a spacecraft is  balancing 

A favorable charac te r i s t i c  is  t h a t  

Quant i t i es  of wastes per man-day include about 35 g 

nu t r i t iona l  component synthesis with die tary  requirements of t h e  crew. The 
cul ture  of Hydrogenomonas is  an example. 
it can u t i l i z e  man's waste C02 and urea to grow bac t e r i a l  c e l l s  which are 
po ten t ia l  food f o r  man. 
of mea and 1000 g of CO2. 
the  wastes i n  these  proportions. If a l l  t h e  urea i s  used, only about 20 per- 
cent of t h e  C02 w i l l  be taken up. Another indicator of t h e  imbalance i s  t h e  
protein f rac t ion  of Hydrogenomonas r e l a t i v e  to t he  prote in  f rac t ion  of a 
normal d i e t .  The Hydrogenomonas cel ls  contain over 50 percent prote in  
(refs. 88 and 89), while recommended d i e t s  usually show protein  i n  t h e  10 to 
20 percent range. The minimum dietary requirement may be as low as 7 per- 
cent (35 g prote in  i n  500 g of dry food). If a l l  t h e  nitrogen i n  man's waste 
i s  converted to protein  by the  bacteria,  i f  t h e  bac t e r i a l  cells are converted 
to food without prote in  loss,  and i f  t h e  bac te r ia l  c e l l s  contain at  least 

Unfortunately, t h e  bacter ia  normally do not use 
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minimum dietary requirements of t he  essen t ia l  amino acids, then, t h e  Hydro- 
genomonas cul ture  may be capable of supplying the  t o t a l  prote in  requirement. 
However, it w i l l  have u t i l i z e d  only about 20 percent of t h e  waste carbon and 
there  will be a d i e t  deficiency i n  carbon as carbohydrates or fats. The lack 
of balance involves primarily nitrogen and carbon. There i s  l i t t l e  nitrogen 
i n  man's wastes other than i n  urea and l i t t l e  carbon i n  man's wastes other 
than i n  CO,. 

Cultures of algae or other microorganisms have a s i m i l a r  problem i n  t h e  
Their cells,  too, normally have a prote in  content of 

It has been reported 

carbon/nitrogen r a t i o .  
more than 50 percent. 
be developed to y ie ld  acceptably low protein  products. 
t ha t  algae may vary i n  prote in  content. Hydrogenomonas were grown under con- 
di t ions  of nitrogen deficiency from ce l l  material r i c h  i n  carbohydrate and 
l i p i d s .  The lowest nitrogen content observed under these  conditions was 
4 percent ( ref .  88). 
cated by a decline i n  gas uptake. There i s  insuf f ic ien t  experimental 
evidence t o  conclude t h a t  these approaches are feasible. 

There are some poss ib i l i t i e s  t h a t  microorganisms can 

There was a l s o  a decline i n  biosynthetic rate as indi-  

Chemical synthesis of one or more die tary  components may be necessary 
for  achieving a sa t i s fac tory  elemental balance i n  t he  food-waste loop. 

Closed Configurations 

It i s  evident t ha t  food production is  t h e  key process i n  a complete 
food-waste loop and t h a t  processing t h e  waste i s  necessarily closely i n t e-  
grated with food production. Once t h e  closed food-waste loop i s  established, 
other subsystems can be selected to complete t he  closed ecological system. 

(1) biological ,  i n  The closed configurations may be categorized as: 
which biological  subsystems are used for  a l l  food production and f o r  process- 
ing a l l  s o l i d  wastes; (2) physicochemical, i n  which there  are no biological  
components other than man himself; and (3) composite, i n  which both biologi-  
c a l  and physicochemical subsystems are elements of the  food-waste loop. 

Biological subsystems food-waste cycle.- A hypothetical configuration 
for  using biological  subystems to close t he  food-waste loop i s  shown i n  f i g -  
ure 20. The subsystems are an activated sludge waste processing unit  and a 
Hydrogenomonas cu l tu re  fo r  food production. Feas ib i l i ty  of t h i s  configura- 
t i o n  rests on many assumptions, t he  most c r i t i c a l  being t h a t  of a closed 
nitrogen loop. This i s  discussed fur ther  i n  a subsequent paragraph. 

Process description:  Hydrogenomonas are grown i n  a continuous cul ture  
apparatus at  a density of 10 g / l i t e r  i n  a cu l tu re  volume of 100 liters/man. 
A continuous c e l l  harvest i s  accomplished by separating suspended so l ids  from 
a rec i rcu la t ing  flow of t h e  cul ture  medium. 
cessed f o r  food, and the  food product i s  s tored fo r  only t h e  brief periods 
necessary to match production and consumption. The l i qu id  remaining after 
ce l l  separation i s  divided so t h a t  par t  returns d i r ec t ly  to t h e  cul ture  ves- 
se l  and t h e  remainder i s  processed to remove contaminants excreted by t h e  
bacteria.  The first processing s t ep  i s  water recovery, i n  which water i s  

The harvested cells are pro- 
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WASTE PROCESSING FOOD PRODUCTION 
I I I  1 

LIPUID. H,O 2379 
DISSOLVED SOLIDS 252 

Figure 20. - Biological subsystems f ood-waste cycle flow balance. 

separated from dissolved so l ids .  
t e r i a l  cul ture  to mainta in  t he  material  balance. The excess water formed i n  
t he  bac t e r i a l  react ion is stored for subsequent e lec t ro lys i s .  This excess 
results from t h e  reaction:  

Part  of t h e  water i s  returned to t he  bac- 

aH2 + bo2 + COB + CHxOy + cH20 

Soluble so l ids  from the  water recovery unit  are t ransferred to t h e  waste 
processing unit  for conversion to nutr ients  for the  bac te r ia l  cul ture .  

Gases taken up i n  t h e  bac te r ia l  reactor are provided at  controlled rates 
s o  t ha t  concentrations i n  t h e  cul ture  medium are sat isfactory f o r  c e l l  growth 
and reproduction. Hydrogen and oxygen are provided from the  water e lec t ro l-  
y s i s  uni t ,  which a l s o  provides oxygen to t he  cabin atmosphere for  consumption 
by t h e  crew. Carbon dioxide exhaled by the  crew is  separated from the  cabin 
atmosphere by a C02 concentrator and then t ransferred to t h e  bacterial reac-  
tor. The gas supply apparatus includes accumulators fo r  each gas to 
accommodate surges i n  production and consumption. 
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Other nutr ients  fo r  t h e  bacter ia  are provided as a l iqu id  concentrate 
from a feed tank t h a t  discharges a metered flow i n t o  the  rec i rcula t ing  cul ture  
l iquid .  This d i lu t ion  of t h e  concentrate assists i n  mixing nutr ients  i n t o  t h e  
c e l l  suspension. The concentrate i s  t h e  l iqu id  eff luent  from t h e  waste pro- 
cessing uni t .  Inputs t o  t h e  waste processing uni t  include urine, feces,  and 
the  residue from water recovery uni ts .  

Sol id  wastes a r e  suspended i n  suf f ic ient  l iqu id  to permit t ransfer  by 
conventional pumping techniques. The wastes are mixed, pulverized, and pumped 
in to  t h e  act ivated sludge reac tor  fo r  further bac te r i a l  act ion.  
eff luent  i s  delivered t o  the  nutr ient  feed tank of t h e  Hydrogenomonas cul ture.  

The l iqu id  

Assumptions: 
(1) a nitrogen-deficient cul ture  fo r  t h e  Hydrogenomonas, whereby t h e  bac- 

The assumption of a closed nitrogen loop may be construed 
as: 
t e r i a  adapt t o  t h e  subs t ra te  and metabolize c e l l s  of abnormally low protein 
content ( t h i s  protein level,  however, i s  i n  t h e  normal range for  the  human 
d i e t )  ; or (2)  a nitrogen-sufficient cu l ture  f o r  t h e  Hydrogenomonas, resul t ing  
i n  normal protein metabolism by t h e  bacter ia  and an abnormally high protein 
intake by the  crew (it must then be assumed t h a t  t h e  crew excretes wastes of 
t h e  high nitrogen content required by t h e  bac ter ia ) ;  or (3) an adjustment t o  
a n  intermediate l eve l  such t h a t  t h e  bacter ia  receive less than optimum n i t ro-  
gen and the  crew d i e t  contains more than t h e  normal protein content. 

Some other assumptions inherent, i n  the  configuration shown are: 

I. 

2 .  

3 .  

4. 

5. 

Harvested c e l l s  are nut r i t ional ly  adequate f o r  man, except f o r  minor 
supplements of minerals and vitamins. 

Harvested c e l l s  a r e  readi ly  digested by man or can be readi ly  
processed t o  high d i g e s t i b i l i t y .  

Harvested cel ls  can be processed to a palatable f lavor ,  or to a 
f lavor less  condition t h a t  w i l l  permit adding a var ie ty  of a r t i f i c i a l  
flavorings . 
The waste processing system w i l l  recover nutr ients ,  especial ly nitro- 
gen compounds, i n  a form t h e  Hydrogenomonas can u t i l i z e .  Other 
nutr ients  are necessary and are expected to be avai lable from wastes, 
but t h e  quant i t ies  are r e l a t i v e l y  s m a l l  and a s tored  supply i s  
probably feas ib le .  

Metabolic waste products of t h e  bacter ia  w i l l  be degraded to nutr ient  
materials i n  t h e  act ivated sludge reactor .  

Configuration a l te rna tes :  A number of modifications and a l t e rna te  con- 
figurat ions are conceivable. Some may have applicat ion as follows : 

1. Any Nz contamination of t h e  gases fed i n t o  t h e  Hydrogenomonas culture 
would presumably cause an accumulation there .  There may be a 
requirement to provide a purge flow from t h e  gases returned to t h e  
cul ture from t h e  water recovery uni t .  This purge would be through a 
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ca ta ly t i c  burner with discharge to t h e  cabin air.  
entered t h e  loop from cabin air would be returned to t h e  cabin air. 

Thus, t h e  N2 t h a t  

2. A purge to remove inorganic salts from t h e  Hydrogenomonas culture 
l iqu id  may be required. 

3. H 2  and 02 can be provided by d i rec t  e l ec t ro lys i s  of waste l iquids,  
ra ther  than by processing to pure water f i r s t .  

4. Culture l i q u i d  processed through t h e  water recovery uni t  creates  
more potable water than i s  required f o r  e lec t ro lys is .  Instead of 
t h i s  water returning d i rec t ly  t o  t h e  Hydrogenomonas reactor  as shown 
i n  f igure  20, it may be integrated with t h e  e n t i r e  water of t h e  l i f e  
support system. This water could be used f o r  washing t h e  Hydrogenom- 
__. onas c e l l s ,  as part  of t h e  food processing operation, without 
detriment t o  subsequent r e tu rn  t o  t h e  cul ture  vessel. 

5. There are several applicable types of C02 concentrators and H20 
recovery uni t s .  

Physicochemical subsystems food-waste cycle. - The present level  of tech-  
nology does not provide a basis  for establ ishing a complete closed food-waste 
cycle with only physicochemical subsystems. Waste-processing subsystems which 
may be applicable and potent ia l  processes f o r  producing some food components 
have been discussed i n  preceding paragraphs. 

Composite food-waste cycle. - The combining of biological  with physico- 
chemical subsystems permits exploiting the  par t icular  advantages of each type. 
Food produced from normally cul tured microorganisms i s  too  high i n  protein to 
be used by i t s e l f  as the  so le  nutr ient  for man. 

Physicochemical synthesis of carbohydrates appears to have more promise 
than synthesis of proteins or protein derivat ives.  Thus, t h e  best combina- 
t i o n  of biological  with physicochemical subsystems i n  a food-waste cycle w i l l  
u t i l i z e  t h e  protein-producing capabi l i t ies  of the  b io logica l  subsystem along 
with physicochemical synthesis of carbohydrates. 

Process description: Closed-loop conversion of wastes t o  food i s  per-  
formed by th ree  major subsystems. An act ivated sludge waste-processing uni t  
converts urine and s o l i d  wastes to nutr ients  f o r  a Hydrogenomonas cul ture.  
The Hydrogenomonas c e l l s  a r e  harvested and processed to food for t h e  crew, 
thereby providing t h e i r  t o t a l  pro te in  intake. A carbohydrate synthesis uni t  
uses r a w  materials of C02 and H2 t o  make a mixture of sugars. These carbo- 
hydrates are a necessary supplement to t h e  Hydrogenomonas food 
achieve a sa t i s fac tory  carbohydrate/protein r a t i o  i n  the  d i e t .  

product t o  

The carbohydrate i s  synthesized by a se r i e s  of ca ta ly t i c  reactions which 
has t h e  net r e s u l t ’  
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The t e r m  (CH20)x represents a m i x t u r e  of sugars. This mixture w i l l  probably 
include a number of hexoses and pentoses. It w i l l  a l s o  have both dextro and 
laevo stereoisomers. 
separating process i s  required and only some f r ac t ion  of t he  sugars synthe- 
s ized w i l l  be used as food for  man. 
cycled back through the  synthesis process. 

If it is determined tha t  some of these  are toxic,  a 

The remaining sugars are oxidized and 

Assumptions: The f e a s i b i l i t y  of t h i s  composite food-waste system depends 
on the  va l id i ty  of several major assumptions as follows: 

1. 

2 .  

3. 

4. 

5. 

A nutrient  balance can be achieved. 
t he  only means of recovering nitrogen i n  man's wastes and returning 

The Hydrogenomonas cul ture  is  

it to h i s  d i e t .  The elements carbon, hydrogen, and oxygen are con- 
sumed i n  different  r a t i o s  by the  Hydrogenomonas cul ture  and t h e  
sugar synthesis un i t .  
rates to achieve a balance for these elements. There are other 
essen t ia l  elements, such as calcium, phosphorus, iron, sulfur, e tc . ,  
which may be inadequate for t h e  Hydrogenomonas from man's wastes, or 
fo r  man from the  Hydrogenomonas ce l l s .  Nutr i t ional  supplements fo r  
these  elements would probably involve r e l a t i ve ly  small weight pen- 
a l t ies .  However, the  use of such supplements would mean tha t  an 
equal mass i n  wastes would be unusable. There may be a problem i n  
separating such consti tuents of t he  wastes. 

This may permit t he  adjustment of synthesis 

A l l  sol ids  are degraded to e i ther  gases or soluble materials i n  t h e  
activated sl,udge reactor .  A recycle loop i s  provided s o  t ha t  insol-  
uble sol ids  are returned to t h e  reactor fo r  fur ther  act ion by aero- 
bic  bacter ia .  If equilibrium conditions involve an excessive re turn  
of undegraded solids, it may be necessary to discard such refractory 
materials. An a l t e rna t e  would be to provide other means of degrada- 
t ion,  such as by sonif icat ion or oxidizing i n  an  incinerator.  
p l e t e  conversion of wastes to r a w  materials for  food synthesis i s  
essen t ia l  f o r  closing t h e  food-waste loop. 

The nutrient  and t h e  nonnutrient components of t h e  synthetic sugar 
mixture can be separated by physicochemical techniques. Processes 
specif ical ly  applicable to such a mixture are not known. 

Com- 

A high mass f rac t ion  of t h e  sugars of t he  mixture are sa t i s fac tory  
as nutr ients  fo r  man. 
ciency, possibly beyond t h e  l i m i t s  of p rac t icab i l i ty .  

A low f rac t ion  would reduce process e f f i -  

The harvested Hydrogenomonas cells and t h e  synthetic sugars are 
nu t r i t iona l ly  sa t i s fac tory  and can be processed to acceptable f la-  
vors fo r  use as food. Minor supplements of minerals and vitamins 
may be required, and are considered to be within t he  concept of a 
closed food-waste cycle. 
should supply substant ia l ly  t h e  t o t a l  amino acid requirement. 

However, t h e  Hydrogenomonas f o o d  product 
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ENG1NEEBIP;EG EVALUATION OF CIX>SED COraFIGURATIONS 

This section documents engineering evaluations of closed food-waste con- 
figurations fo r  space applications consistent with t h e  System Model. Weight, 
power, and volume estimates are made. 
t r ical  power, process heat, and heat r e j ec t ion  are i n  accordance with t h e  
System Model. 
based on t h e  10-man crew and 6000 man-days requirement of t h e  System Model. 
From pr ior  studies,  t h e  6000 man-day weight and volume baselines are estab- 
l ished at  5500 kg and 34,000 l i t e rs  fo r  food, packaging, storage, and prepara- 
t i o n  f a c i l i t i e s .  No c red i t  is allowed fo r  water as stored food s ince it w i l l  
become a surplus i n  a closed loop. The adjustments i n  weight and volume f o r  
differences i n  t o t a l  function are based on s tudies  under Contract NAS 1-2934 
(ref. 1) and t h e  amounts are shown i n  t ab l e  V I .  
l i n e  i s  used primarily i n  t he  context of evaluating closed food-waste con- 
figurations relative to one another. Evaluations i n  greater  depth, fo r  a 
spec i f ic  mission, are recommended before conclusions are drawn from a 
comparison of closed vs. open systems. 

Equivalent weight penal t ies  for  elec- 

A comparison i s  made with a s tored food system, which a l s o  i s  

The stored food system base- 

The following data are fo r  adjusting weight and volume estimates of 
closed food-waste configurations i n  comparison with a s tored food system. 

TABLE V I .  - DATA FOR ADJUSTING WEIGHT AND VOLUME ESTIMATES 

Per man f o r  a 10-man system Weight, kg Volume, l i t e r s  

Oxygen recovery 117 28 

Urine water recovery 14 85 
Feces drying and storage 20 21 

Notes : 

1. 

2. 

39 

4. 

5-  

Based on f l i g h t  version estimates f o r  t he  NASA/Langley four-man 
system, Contract NAS 1-2934 (ref. 1). 

Penalt ies fo r  electrical power, process heat, and heat re jec t ion  
are included, based on t h e  system model f o r  t h i s  program. 

Oxygen recovery includes C02 separation from cabin air, GO2 
reduction, and H20 recovery. 

Urine water recovery data are for  recovery only. Collection, 
t ransfe rs ,  and storage are not included. 

Feces storage data have been adjusted to t he  concept of dual use of 
t h e  waste containers. 
food . They would be used i n i t i a l l y  fo r  storage of 
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Engineering estimates were made only for  those configurations which were 
judged to be competitive for  t h e  conditions of the  System Model. Qualitat/ive 
evaluations only are given f o r  configurations tha t  were categorized as 
noncompet it ive . 

Engineering Evaluation of Biological Subsystems 

T h r e e  biosystem configurations incorporating EJ drogenomonas were evalu- 
ated. The three systems were termed: (1) Hydrogenomonas -Activated Sludge, 
Solids Purge; (2) Hydrogenomoms -Activated Sludge, Ultrasonic Loop; and 
(3) Hydrogenomonas -Activated Sludge, Anaerobic Loop; respectively.  The con- 
f igurat ions were selected to compare t h e  e f fec t  of a so l ids  purge and maximum 
biological  transformation of waste so l ids  possible on overa l l  system ra t ing .  
Except fo r  the  disposi t ion of suspended organic matter from t h e  act ivated 
sludge reactor ,  the  three configurations a r e  essent ia l ly  the  same. 

Hydrogenomonas -Activated Sludge, Solids Purge. - A schematic of t h e  
-Activated Sludge, Solids Purge configuration i s  given i n  f i g -  

ure 21. 
act ivated sludge subsystem for  waste treatment. 

The Hydrogenomonas subsystem i s  u t i l i zed  fo r  food production and the  

WATER 4213 PUMP 

Figure 21.- Hydrogenomonas-activated sludge, solids purge. 



Process description: The Hydrogenomonas culture has been described i n  
preceding paragraphs. Process flows shown i n  f igure 21 are calculated from 
data of t h e  system model and from t h e  s t a t e d  charac ter i s t ics  of t h e  Hydrogen- 
omonas cul ture.  The Hydrogenomonas biosynthesis has been represented i n  t h e  
l i t e r a t u r e  as: 

However, t h e  experimental results reported have shown a very wide range i n  
mole r a t ios .  I n  t h e  absence of consistent data, an a rb i t r a ry  approach w a s  
&dopted which i s  based on t h e  observation t h a t  the  mass f rac t ion  of C02 taken 
up i s  approximately one-third of t h e  t o t a l  gas uptake. This permits 
calculat ion of an empirical reac t ion  as follows: 

It is  assumea t h a t  20 percent of t h e  cul ture  medium (100 liters/man) w i l l  be 
withdrawn dai ly  for  processing to remove contaminants. 
t i o n a l  process load of 20,000 g/man-day on t h e  water recovery a.pparatus. 
Also, to harvest 575 g/day from a suspension of 10 g of c e l l s  per l i t e r  w i l l  
r equi re  a flow i n t o  t h e  separator of 57,500 g/day. 

This imposes an addi- 

The foregoing accounts for  the  pr inc ipal  elements involved and i s  t h e  
basis  f o r  flows shown. 
essent ia l ,  involve r e l a t i v e l y  s m a l l  masses and w i l l  have a negltgible e f fec t  
on flows required. Corollary to t he  concept of addit ional  nutr ients  i s  t h a t  
of a corresponding mass i n  wastes, par t icular ly  inorganic salts,  which t h e  
bacter ia  cannot use. This may require a small purge flow, e i the r  continuous 
or intermit tent ,  of cul ture  l iqu id  concentrate i n t o  a water recovery uni t .  
For example, TJaC1, would thus be removed to avoid a detrimental concentration 
i n  t h e  Hydrogenomonas cul ture .  
man t o  use i n  h i s  food. 

Other nutr ients  for Hydrogenomonas, although very 

The salts might be of a qual i ty su i t ab le  fo r  

Assumptions : The pr inc ipal  assumptions f o r  the Hydrogenomonas cul ture  
are as previously s ta ted .  
sume t h e  b a c t e r i a l  biomass generated to achieve a nitrogen balance or Eydro- 
genomonas w i l l  grow i n  a nitrogen-deficient cu l ture .  
ac t iva ted  sludge uni t  are: 

The most important i s  t h a t  man can process and con- 

Assumptions f o r  the  

1. Wastes at high waste so l ids  concentrations can be processed by the  
act ivated sludge process. 

2. Microbes can be grown a t  cul ture  dens i t ies  of 10 g (dry weight) / l i ter .  

3. The stoichiometric gaseous relat ionships of water e lec t ro lys is ,  
hydrogen bacter ia ,  act ivated sludge, and man w i l l  balance. 

Engineering estimates: Estimates of weight, volume, process heat, elec-  
t r i c a l  power, and heat r e j ec t ion  are summarized i n  t a b l e  V I I .  The mass of 
undegraded organic material t ransferred to waste storage from the  act ivated 
sludge subsystem i s  estimated t o  be 45 g/man-day. The weight penal t ies ,  
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based on t h e  system model, are 15 kg/kW for  heat re jec t ion  and process heat 
and 50 kg/kW for  e l e c t r i c a l  power. 
individual penalt ies named plus t he  component hardware weight and t h e  weight 
of s tored food to compensate for undegraded wastes t ransferred to storage. 

The t o t a l  weight penalty i s  t h e  sum of t h e  

Hydrogenomonas -activated sludge sonif i c a t  ion. - 
Process description: This configuration ( f i g .  22) is  similar to t h e  

Hydrogenomonas-activated sludge, so l ids  purge configuration except t ha t  an 

WATER 4213 PUMP 
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DISSOLVED SOLIDS 2 3 7  

CONCENTRATOR 

SEPARATOR FEED TANK 
^ ^  -- 

SLUDGE GAS-LIQUID 

7 7  

I - H2O 
#ASIS: g/man-day 

co2 
A 

PUMP 

54,090 7 7  850 

Figure 22.- Hydrogenomonas-activated sludge, sonificatPon. 

addit ional  processing s t ep  has been added. Disruption.of microbial cells by 
ultrasonic energy i s  employed to obtain maximum transformation of wastes to 
nutrients for t h e  Hydrogenomonas subsystem. This processing s tep  i s  termed 

A l t e r n a t e  procedures of ce l l  rupture or di rec t  u t i l i z a t i o n  
of the  act ivated sludge biomass generated are not excluded. 
tage of such a system is  t h a t  maximum recycling of matter i s  achieved. 
i b i l i t y  of t h e  configuration is contingent on t h e  success of t h e  processing 
s t ep  and/or composition of wastes t h a t  w i l l  have t o  be processed. 

sonif icat ion.  " 11 

The major advan- 
Feas- 

Assumptions : I n  addit ion t o  t he  assumptions l i s t e d  ea r l i e r ,  complete 
degradation or u t i l i z a t i o n  of suspended matter i n  t h e  waste treatment process 
must be assumed. 
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Engineering data: Process flows are essent ia l ly  those given fo r  t h e  
previous configuration, but storage of about 45 g/man-day of waste so l ids  and 
the  equivalent food supply has been eliminated. 

Hardware and expendable weights , weight penal t ies  for power, heat r e  j ec - 
t i o n  and process heat, and volume estimates are given i n  t a b l e  VIII. 

Hydrogenomonas -activated sludge, anaerobic sludge digestion. - 
Process description: A schematic of t h i s  configuration i s  given i n  f i g -  

ure 23 and i s  essent ia l ly  the same as the  previous two configurations except 

Figure 23.  - Hydrogenomonas-activated sludge, anaerobic sludge digest ion.  

for  t h e  disposi t ion of suspended matter from the  act ivated sludge reactor .  
Since there  i s  some question regarding the  degradation of suspended matter, 
anaerobic sludge digestion w a s  introduced as t h i s  biological  procedure i s  com- 
monly used for  disposal of suspended matter from the  act ivated sludge process. 
This introduces another microbial reactor  and anci l la ry  equipment fo r  handling 
subsystem outputs. 
discussed and suspended so l ids  are almost t o t a l l y  degraded by t h e  combination 
of the  two waste treatment methods. 

Process flows are similar t o  the  configurations already 
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Assumptions: I n  addit ion to t he  assumptions l i s t e d  under earlier para- 
graphs, t h e  ava i l ab i l i t y  of degradation products of t h e  anaerobic process to 
the  Hydrogenomonas subsystem must be assumed. 

Engineering data and ra t ing:  Weight and volume estimates of components 
i n  t h i s  configuration are given i n  table IX. 

Engineering Evaluation of Physicochemical Subsystems 

Currently, t h e  most promising physicochemical technique f o r  food-loop 
closure i s  the  synthesis of carbohydrates from man's metabolic waste products. 
I n  order to make a valid comparison of carbohydrate synthesis with stored food 
or other methods of food production, t h i s  technique m u s t  be charged with a 
penalty re f lec t ing  the  addit ion of another subsystem to supply t h e  prote in  
required i n  man's diet .  Physicochemical synthesis of prote in  or i t s  deriva- 
tives is judged a t  present t o  be noncompetitive. Consequently, f o r  t h e  pur- 
pose of evaluation, a penalty corresponding to a stored prote in  derivative 
supply was added to t he  carbohydrate synthesis subsystems. 

The weight and volume of t h i s  s tored prote in  derivative supply were 
calculated using t h e  following assumptions: 

1. The weight corresponds to data f o r  amino acids given i n  t ab l e  X 
(based on ref.  90) .  

2. The weight of t h e  packaging i s  equal to 12 percent of t h e  weight of 
t h e  stored prote in  derivatives.  

3. The density of t h e  prote in  derivatives i s  s i m i l a r  to t h a t  given for 
amino acids i n  reference 91. 

Carbohydrate synthesis systems. - Several methods for synthesis of carbo- 
hydrates or "sugars" from man's metabolic waste products are described i n  pre- - 
ceding sections.  
charac te r i s t i cs  to permit engineering estimates. 

Evaluations were made f o r  two t ha t  have su f f i c i en t ly  defined 

The first method i s  shown schematically i n  f igure  24. The basic r a w  
materials of CO, and hydrogen are converted to methane and water  i n  a Sabatier 
reactor .  
subsequently combined i n  t h e  presence of a ca ta lys t  to form methanol. 
methanol i s  then reacted with oxygen to form formaldehyde and water. 
"formalin" solution i s  condensed i n  t h e  presence of a calcium hydroxide cata-  
l y s t  to form a "sugar" solution. The calcium hydroxide ca ta lys t  i s  separated 
by e lectrodialysis  and recycled. A t  t h i s  point, any tox ic  components of t h e  
carbohydrate mixture are separated, incinerated, and recycled to t h e  system. 
The edible sugar solut ion i s  then processed to remove t h e  excess water. 
is  assumed tha t  t h e  y i e l d  of edible sugars w i l l  be 50 percent of t h e  
carbohydrate synthesized. 

The methane and water are then reduced t o  CO and hydrogen which are 
The 
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TABLE X. - AMINO ACIDS IN HUMAN DIE!T 

Description 

L-Arginine-HC1 
L-Histidine -HC1 -H20 
L- I s  oleucine 
L-Leucine 
L-Lysine -HC1 
L-Met hionine 
L-Phewlalanine 
L-Threonine 
L -Trypt ophan 
L 7 V a l i  ne 
L -Alanine 
L -Asparagine 
L-Asparate 
L-Cysteine e thy l  ester-HC1 
L -Glut amt e, monos odi urn 
L -Glut amine 
Glycine 
L-Pr ol ine 
L-S er ine 
L-Tyrosine ethy 1 es te r  -HC1 

Amount g/man-day 

4.38 
2.68 

Tota l  weight 

HEAT EXCHANGER- 
CONDENSER 

I H 2 0  
.ECTROLY SIS 

-~ r& TO FOOD PROCESSING 

ELECTRO- CARBOHYDRATE '20 ToXiClSuGAR 
SEPARATION - DIALYSIS UNIT - SYNTHESIS 

k 9  3 b3 

CaOH w +H20 

4.10 
6.50 
6.09 
2.97 
2.97 
4.10 
1.27 
4.52 
4.38 

9.33 
1.52 
8.83 
11.50 
2.84 
17.50 
9.05 
11.60 

--- 

116.13 g/man-day 

Figure 24.- Carbohydrate synthesis system 1. 



The weight , power, volume, and heat re jec t ion  requirements of carbohy- 
drate synthesis system 1 are presented i n  t a b l e  X I .  These requirements could 
be readi ly estimated for some of the  system components using information of 
exis t ing hardware. L i t t l e  i s  known, however, of t h e  weight, volume, power, 
and heat re jec t ion  requirements of f l ight- type reactors  for  the  cracking of 
methane, methanol formation, and formaldehyde synthesis. Consequently, these 
datawere zstablished by comparing the  equilibrium constants, heats of reaction 
and volume process rates w i t h  those of known Sabatier and Bosch reactors.  
Prototype Sabatier and Bosch reactors  have been developed and operated; thus, 
t he i r  weight, volume, power, and heat r e j ec t ion  are w e l l  defined. 

The second method considered fo r  carbohydrate synthesis d i f f e r s  from the  
f i rs t  only i n  the  i n i t i a l  s teps and i s  shown schematically i n  f igure  25. The 

COOLANT I 
TO FOOD 

PROCESSING 
12 

0, TO 
CREW 

2 

OMPRESSOR 

N1 

Figure 25.- Carbohydrate synthesis system 2. 

basic r a w  material  of C02 i s  electrolyzed t o  CO and free oxygen i n  a s ingle  
s tep  i n  contrast  t o  method 1 which uses the  two steps of methane formation 
and methane cracking t o  a r r ive  a t  the  CO-hydrogen mixture required fo r  meth- 
anol synthesis.  
i n  the  synthesis process are iden t i ca l  for  both systems. The weight, power, 
volume, and heat r e j ec t ion  estimates of carbohydrate synthesis system 2 a r e  
presented i n  t a b l e  X I I .  

The methanol synthesis reac t ion  and the  other remaining s teps 
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Engineering Evaluation of Composite Subsystems, 
Biological and Physicochemical 

Combining physicochemical and biological  subsystems of t he  closed food- 
waste cycle offers  an opportunity to circumvent some of t he  deficiencies of 
each type. Selection of subsystems i s  i n  accord with t he  following reasoning: 

1. Since physicochemical synthesis of fats and amino acids i s  non- 
competitive, only carbohydrates are synthesized i n  the  composite 
system. 

2. The cul ture  of Hydrogenomonas i s  under near optimum conditions of 
nitrogen/C02 r a t i o  and will u t i l i z e  a l l  of t he  nitrogen recovered 
from man's wastes. Under such conditions it i s  capable of using 
about 20 percent of t he  CO2. 
C02 remains i n  carbohydrate synthesis. 

Balance i s  achieved by using whatever 

3. The choice of waste processing method provides maximum recovery of 
nitrogen i n  forms assimilated by Hydrogenomonas. This i s  an act i-  
vated sludge subsystem, with recycle of suspended sol ids  through an  
ultrasonic uni t  f o r  physical degradation of par t ic les  and bac t e r i a l  
c e l l s .  

Figure 26 is a diagram of t h e  composite configuration. Weight and volume 
summaries are i n  table  X I I I .  An important charac te r i s t i c  of t he  composite 

FOOD PRODUCTION- 
WASTE PROCESSING FOOD PRODUCTION-BIOLOGICAL PHYSICOCHEMICAL 

I I I  I I  I 
LIQUID: HzO 

DISSOLVED SOLIDS 

Figure 26 .- Composite subsystems food-waste cycle. 
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configurations i s  that it makes avai lable  some alternate modes of operation. 
Fai lure of e i ther  t h e  Hydrogenomonas culture or t he  carbohydrate synthesis 
subsystem is  only a p a r t i a l  failure i n  food supply. I n  t h e  normal mode of 
operation, carbohydrate synthesis uses about 80 percent of t h e  C 0 2  produced. 
If t h i s  subsystem w e r e  made s l igh t ly  oversize, it could handle a l l  of t h e  
C02 and would be operated i n  t h i s  manner during malfunction of the  Bydrogen- 
omonas culture.  This a l t e rna te  mode would prevent loss of COz and would 
provide t h e  t o t a l  ca lor ies  of the  d i e t .  Only t h e  protein component of t h e  
d ie t  would be lost during t h e  malfunction. 

To some extent,  a similar a l t e rna te  mode i s  avai lable  during loss  of t h e  
~ carbohydrate synthesis subsystem. Excess C 0 2  would be fed i n t o  the  Hydrogen- 

omonas cul ture ,  and i t s  uptake would depend on cul ture  conditions such as 
cul ture volume, bac te r i a l  c e l l  density,  and the  inorganic nutr ient  supply. 
Although t h e  nitrogen/C02 r a t i o  would be l e s s  favorable than i n i t i a l l y ,  t he  
cul ture  conditions could be designed to increase t h e  c e l l  production and har-  
vest  rate to p a r t i a l l y  compensate for loss  of the  synthetic carbohydrates. 

ilormal mode operation of t h e  composite configuration has addi t ional  
advantages i n  comparison with e i ther  s ingle  technique, A more varied d i e t  i s  
possible, including some var ia t ion  i n  t h e  proteinlcarbohydrate r a t i o .  It is 
expected t h a t  t h i s  charac ter i s t ic  w i l l  bring a higher degree of crew accept- 
ance. Another advantage is t h a t  t h e  f l e x i b i l i t y  i n  use of C 0 2  makes it pos- 
s i b l e  to approach optimum cul ture  conditions fo r  t h e  Hydrogenomonas. This 
minimizes weight, volume, and power requirements. 

Qualitative Evaluation of Noncompetitive Configurations 

The configurations discussed i n  t h i s  sect ion are categorized as non- 
competitive. Their charac ter i s t ics  were presented i n  preceding sections and 
are summarized i n  t h e  following paragraphs. However, a noncompetitive tech-  
nique, as judged by t h e  present l e v e l  of knowledge, may prove to be a pre- 
ferred technique as knowledge expands. 
constraints  which would bias  a select ion.  Therefore, a designation as non- 
competitive i s  not intended as a recommendation t h a t  the  technique or 
configuration be permanently discarded. 

There may a l so  be unusual systems 

Algae.- An a l g a l  system has general similari t ies to a hydrogen bacter ia  
system i n  t h a t :  
protein and i s  deficient  i n  carbohydrate; (2)  the re  is  a nitrogen balance 
problem due to insuff ic ien t  nitrogen i n  human wastes for  producing biomass i n  
the  quantity necessary f o r  nut r i t ion  of man; (3) inorganic salts are excreted 
by man i n  greater  quantity than u t i l i z e d  by the  microorganisms; and (4) there  
are engineering problems i n  mixing and i n  separations of t h e  sol id ,  l iquid,  
and gaseous components of t h e  culture.  The differences of consequence, which 
make an  a l g a l  system noncompetitive, are:  

(1) t h e  biomass produced as a food material  i s  t o o  r i c h  i n  

1. Algal suspensions m u s t  be i n  t h i n  layers  fo r  e f f i c i en t  l i g h t  u t i l i z a -  
t ion .  
have considerably greater  weight and volume than a hydrogen bacter ia  

This geometric constraint means t h a t  t h e  a l g a l  system must 
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system since t h e  l iqu id  volume of t h e  a l g a l  cu l tu re  w i l l  be at  least 
w i l l  be a t  least as great  as t h a t  of t h e  hydrogen bacteria culture. 

2.  The a l g a l  system is  burdened with ineff ic ient  u t i l i z a t i o n  of l i g h t  
energy by t h e  algae and by ineff ic ient  conversion of electrical 
energy to l i g h t  energy. The e l e c t r i c a l  power requirement is es t i-  
mated at 10 kW/man, i n  comparison with a hydrogen bacteria system at 
about 1 kW/man. 

3. The heat re jec t ion  requirement i s  almost i n  d i rec t  proportion to t h e  
electrical input, so t h a t  an algae system compares unfavorably with 
hydrogen bacter ia  by a factor  of about 10. 

A hydrogen bacter ia  system requires auxi l ia r ies  fo r  CO;I concentration 
from cabin a i r  and for  water e lec t ro lys i s .  These requirements have been 
included i n  t h e  foregoing comparison of algae with Hydrogenomonas. 
it is concluded t h a t  t he  a l g a l  system of fe rs  no s ignif icant  advantages and 

Therefore, 
- 

has subs tan t ia l  disadvantages i n  comparison with Hydrogenomonas. 

Higher plants.  - There may be ju s t i f i ca t ion  for a higher plants  cul ture  
which supplies a very small f rac t ion  of t h e  food for  man. 
which supplies such food i s  considered noncompetitive fo r  reasons generally 
l i k e  those regarding the  a l g a l  cul tures :  

However, a cul ture  

1. Geometric constraints inherent i n  l i gh t  contact lead to r e l a t i ve ly  
large weight and volume. 

2. The e l e c t r i c a l  power requirement for l igh t ing  i s  exorbitant. An 
input of 10.8 kW/man w a s  estimated for providing only 30 percent of 
the  t o t a l  dry food requirement. 

3. The heat r e j ec t ion  requirement i s  very high, i n  accord with the  high 
e l e c t r i c a l  input. 

Higher plants have some addi t ional  disadvantages i n  comparison with other 
systems: 
t he  waste-processing system, (2) t h e  growth cycle i s  long so  t h a t  periodic 
food harvest would involve preservation and storage to allow for  unmatched 
consumption and production, and (3) leaf t ranspira t ion would load t h e  cabin 
atmosphere with about 400 lb/man-day of water vapor. This would impose an 
enormous burden on t h e  cabin air-conditioning system. 

(1) a s ignif icant  f rac t ion  of t h e  plant is  inedible, which burdens 

Fungi (mushrooms). - A mushroom cul ture  is  estimated to weigh 3 , 5 1 0 ~  l b ,  
where x i s  t h e  weight ( i n  l b )  of mushrooms produced per day. Since mush- 
rooms have a ca lor ic  value of only 40 cal/ lb,  a mushroom cul ture  i s  obviously 
noncompetitive for producing any s ignif icant  port ion of man's ca lor ic  intake.  

Physicochemical synthesis of fats and amino acids .  - There is  no s igni-  
f ican t  technology f o r  physicochemical synthesis of fats from t h e  raw materials 
of human wastes, which i n  itself i s  ju s t i f i ca t ion  for  a noncompetitive rating. 
The complex molecular s t ructures  of fats (relative to other materials 



considered fo r  food synthesis,  such as C 0 2 ,  CO, H20 ,  CH4, CHsOH, and HCOH) 
suggest correspondingly t h a t  a complex series of process s teps would be 
involved i n  physicochemical synthesis.  

While a l l  the  amino acids have been synthesized, t h e  technology i s  non- 
competitive i n  comparison with other methods f o r  supplying protein or protein 
derivatives fo r  man's d i e t .  Amino ac id  y ie lds  by pansynthesis have been 
extremely low. 
constrained i n  choice of r a w  materials t o  those readi ly  avai lable i n  man's 
wastes . 

Indus t r i a l  synthesis of individual amino acids has not been 

Animal cul tures .  - L i f e  support requirements f o r  mammals are similar t o  
those fo r  man. An animal colony would place added burdens on systems fo r  
processing wastes and f o r  producing food and water. 
su i table  nut r i t ional ly  and psychologically as human food than i s  t h e  biomass 
derived from a bac te r i a l  cul ture.  
achieved by feeding t h e  biomass t o  animals'and "harvesting" t h e  animals for  
man's food. If animals show a t o t a l  efficiency of metabolizable energy of 
30 percent ( r e f .  92), and i f  two-thirds of t h e  animal body mass i s  consumed 
as food, the  upgrading has an eff iciency of only 20 percent. Thus, the  penal- 
t ies  t o  t h e  spacecraft systems would be f ive t i m e s  higher than i f  t h e  biomass 
i s  consumed d i rec t ly  by t h e  crew. I n  addition, animal cul tures  i n  zero grav- 
i t y  would present severe problems i n  feeding and sani ta t ion .  
these problems might be circumvented by ra i s ing  herbivorous f i s h  i n  an algae 
suspension, the  basic  inefficiency would remain. 

Animal f l e sh  may be more 

An upgrading of food qual i ty would be 

Although some of 

CONCLUSIONS 

This study has been a necessary s t ep  i n  achieving a master plan f o r  
developing a closed ecology. 
t i ve  configurations and were necessarily based on inadequate technology. 
Rapid advances are t o  be expected i n  the  biological  and physical sciences. 
a consequence, these r e s u l t s  m u s t  be considered as preliminary. I n  t h e  a 
absence of abundant information resources, they offer  at  least a reasonable 
basis  fo r  channeling subsequent work toward t h e  goal of supporting manned 
space missions of long duration. 

Evaluations w e r e  made among potent ial ly competi- 

A s  

Major Areas of Concern 

The subsystem and food-waste loop studies  documented i n  t h e  previous 
sections have presented numerous areas fo r  potent ia l  research and development. 
Regardless of t h e  system ultimately recommended f o r  t h e  synthesis of food i n  
the  closed ecology, areas t h a t  w i l l  ce r ta in ly  require some port ion of t h e  
research and development e f f o r t  can be defined. There are two s igni f icant  
areas with a high probabil i ty  of f u t r e  research and development e f fo r t .  These 
per ta in  t o  t h e  nu t r i t iona l  aspects of t h e  food-waste loop and t h e  ultimate 
acceptance or r e j ec t ion  of t h e  produced food by the  crew. 
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Nutrient balance.-  Using cultures of microorganisms f o r  closing of t h e  
food-waste loop poses problems i n  balancing nu t r i t iona l  component synthesis 
with d ie tary  requirements of t he  crew. 
t u r e  can use t h e  t o t a l  nitrogen contained i n  wastes of t he  crew but i n  so 
doing w i l l  only consume about 20 percent of t he  C 0 2  produced by t he  crew. 
This leads to a requirement fo r  addit ional  means to convert t he  remaining C 0 2  
to nutr ients  for  t he  crew. 

For example, t he  Hydrogenomonas cul-  

Nutrients from waste.- The major portion of man's metabolic wastes i s  
dis t r ibuted i n  t he  expired air from the  lungs, t he  urine, and the  feces. 
Probably t he  least accessible and l e a s t  useful waste products are those 
remaining i n  t h e  feces after t he  water has been removed. The recovery of 
usable nutr ients  from dry feces requires potent ia l ly  complex techniques. The 
t o t a l  dry feces weight is  only 3 .5  percent of man's metabolic w a s t e  output. 
The recovery of t h i s  small quantity of waste and processing to usable nu t r i -  
ents  may not be reasonable compensation f o r  t h e  potent ia l  system penalt ies  
and complexity. 

Nutri t ional  value of biomasses. - The use of biomasses f o r  a substant ia l  
part  of a space crew's food allotment i s  possibly one of t h e  most important 
areas which needs invest igat ion.  O f  t h e  potent ia l ly  useful b iological  methods 
fo r  food production, only t he  algae systems have had any s ignif icant  human 
feeding experiments. It appears from these tests  t h a t  the re  may be l i m i t a -  
t ions  on t he  amount of algae t h a t  man can reasonably consume to provide proper 
nutr i t ion.  The use of Hydrogenomonas, which appears from t h e  engineering 
standpoint to offer  a more e f f i c ien t  means of producing food than algae, has 
had almost no human feeding experiments and l i t t l e  i s  known about i t s  t r u e  
nu t r i t iona l  value to man. 

C r e w  acceptance.- The crew acceptance of the  synthesized food may w e l l  
prove to be t he  major r e s t r a in t  i n  t h i s  method of closing the  ecology. The 
optimum solution of the  biological ,  chemical, physical, and engineering 
problems and f i n a l  synthesis of food from waste w i l l  not guarantee acceptance 
by t h e  crew. 
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STUDY OF LIFE SUPPORT SYSTEMS FOR SPACE MISSIONS 

EXCEEDING ONE YEAR I N  DURATION* 

Edited by R. B. Jagow and R.  S. Thomas 

Lockheed Missiles and Space Company 
Sunnyvale, C a l i f .  

The re la t ive ly  long missions of future  manned space f l i g h t s  require the 
development of regenerative l i f e  support systems t h a t  minimize as much as 
possible the expendable materials carried i n  the  spacecraft.  The ultimate 
objective of such developments is a completely regenerative system. 
covered by this  report  i s  p a r t  of an overal l  program t o  develop a closed 
spacecraft ecological system capable of supporting human l i f e  f o r  periods 
exceeding one year without the need of resupply. 
were t o  survey developments of both biological  and physicochemical l i f e  sup- 
por t  systems; t o  configure several  closed ecological systems; t o  se lec t  pre-  
ferred systems; t o  es tab l i sh  c r i t i c a l  research and development areas f o r  the 
selected systems; t o  plan the research and development e f for t ;  and to plan 
subsequent phases dealing with engineering, fabrication,  and evaluation of 
such a system. 

The study 

The objmtives of the  study 

During the f i r s t  four months of the program, major emphasis w a s  placed 
on the establishment and comparison of candidate approaches t o  l i f e  support 
i n  three  categories; physicochemical systems with stored food, chemical s m -  
thes i s  of food, and biological  systems. 

Considerable data were available on the physicochemical systems and, 
therefore, the s t a t e  -of -the - a r t  survey of these systems was completed ear ly  i n  
the study. Weight, volume, and power estimates, schematics, and a description 
of each subsystem were prepared. Comparisons were then made and the candidate 
approaches t o  each subsystem function - COz removal, CO;? reduction, 02 gener- 
ation, water reclamation, waste processing, and contaminant control  - were 
rated.  The selected subsystems were then corribined in to  two complete physico- 
chemical systems with stored food. 

The study of po t en t i a l  methods f o r  chemical synthesis of food was more 
basic.  The nu t r i t i ona l  requirements of synthetic food were established and 
the various synthesis methods were studied t o  determine the  po ten t ia l  yields,  
reaction ra tes ,  and reaction conditions. Glycerol, ethanol, and fructose 
emerged as promising chemical synthetic foods. Process system character is t ics  
were established for these systems; and weight, volume, and power estimates 
were made. 
appropriate physicochemical subsystems t o  complete the  l i f e  support system. 

The chemical synthesis subsystems were then combined with the 

Because of the scarc i ty  of data on a l l  but  a f e w  b iological  approaches 
t o  l i f e  support, the  comparison of b iological  systems w a s  much more d i f f i c u l t  
than f o r  physical-chemical systems. Algal, Hydrogenomonas, and duckweed 

*This work w a s  prepared under contract no. NAS 2-3012. 
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systems were studied in detail; and engineering estimates were made to allow 
comparison with the physicochemical systems using stored or chemically synthe- 
sized food. 
such as those using organisms that utilize methane, acetylene, formaldehyde, 
glycerol, or carbon monoxide, was conducted; and the results are presented. 

A cursory review of other less studied biological approaches, 

The last two months of the study were directed toward comparison of the 
physicochemical systems using stored food, the physicochemical systems using 
chemically synthesized food, and the biological systems; the rating of these 
systems; the identification of research and development problem areas; the 
preparation of research and development specifications for work in these prob- 
lem areas, and the planning of phases subsequent to the research and 
development work. 

The more significant ground rules established at a prestudy conference 
between Lockheed Missile and Space Company and NASA are presented below: 

Mission duration 
Crew size 
Gravity field 
Vehicle orientation 
Power source 
Cab in environment 
Gas composition 
Pressure 
Leakage 

1 to 3 years 
10 to 100 men 
Zero and partial gravity 
No specific orientation allowed 
NUC lear 

Air 
14.7 psia 
Zero 

The performance of this contract was greatly facilitated by the 
cooperation of the following people and agencies who provided information on 
the latest developments in biological and physicochemical systems: J. H. 
Litchfield and J. F. Foster of Battelle Memorial Institute, R. D. Gafford and 
M. A. Robinson of Beckman Instruments, J. Meyers of the University of Texas, 
C. H. Ward and S. S. Wilks of the USAF School of Aerospace Medicine, L. H. 
Bongers of RIAS, P. J. Hannin of Naval Research Laboratories, H. P. Silverman 
of TRW Inc., the Research Department of the Wilmot Castle Company, H. M. 
Tsuchiya of the University of Minnesota, M. Reumont of NASA-IVISC, D. Popma, R. 
Bruce, and W. Hypes of NASA-Langley, and C. G. Roach and E. B. Thompson of 
Wright-Patterson Air Force Base. 

CONCEPT REVIEW AND ANALYSIS 

The work presented in this section deals with the survey of candidate 
system concepts, the analyses of these concepts, and the formulation of 
several different approaches to meet life support requirements. 



PROBLEM SWTE"T 

It has always been recognized tha t  the longer the duration of a manned 
space mission the greater  the incentive t o  recover usable metalblic materials 
from waste products. 
systems varies only s l i g h t l y  with mission duration, the s i ze  of the  l i f e  sup- 
por t  system, i f  no waste products a r e  reused, is almost d i r ec t l y  proportional 
t o  mission duration. This mean; that ,  while metabolic expendibles const i tu te  
only 1 percent of the  t o t a l  payload weight fo r  a two-day mission, they would, 
with no waste recovery, const i tu te  as much as 60 percent of the t o t a l  payload 
f o r  a three-year mission. 

While the s i ze  of almost a l l  of the remaining spacecraft 

I n  absolute terms, metabolic wastes - mainly evaporative water loss, 
urine,  u t i l i t y  water, expired carbon dioxide, and feces - amount t o  10 t o  
14  l b  per man per day. For a 10-man, three-year mission, t h i s  amounts t o  
over 100,000 lb  without considering the  weight of containers. 

During the last  seven years, subs tan t ia l  laboratory e f fo r t s  have been 
devoted t o  the study of methods of recovering water from the atmosphere and 
from urine with s l i g h t l y  l e s se r  e f fo r t s  devoted t o  the recovery of u t i l i t y  
water and t o  the recovery of oxygen from CO2.  The studies have taken two 
l ines,  the biological  and the physicochemical. The biological  systems have 
not progressed beyond laboratory models, but  the  physicochemical system work 
has led  t o  f l i g h t  -oriented prototype equipment. 

While a l l  the biological  systems have inherent capabi l i ty  t o  manufacture 
food while performing GO2 reduction, the food manufacturing aspects of these 
systems a re  studied l e s s  than the gas exchange character is t ics .  
abort ive attempts have been made t o  study the chemical synthesis of food from 
waste i n  space. 

Only a few 

Figure 1 i l l u s t r a t e s  the rise of l i f e  support system weight with increas- 
ing mission duration assuming the use of the most e f f i c i en t  presently envi-  

1 0 0  sioned regenerative physicochemical l i f e  
support system t h a t  does not manufacture food. 
The cross-hatched portion represents the weight 

80 
red food. 
rs t o  a 50 man system, the weight of 

i t i ve  t o  the weight of the remainder 
'-1 w e support system, i s  about the  same 
3 40 00 man systems for the same mission 

Although the figure as 

P 60 

20 

Figure 1 shows tha t ,  f o r  longer missions, 
0 200 400 600 800 1000 the weight of stored food i s  as much as 85 per- 

Figure 1.- Relative wei&t of stored food System and that, COnSequently, substant ia l  
MISSION DURATION, days cent of the weight of an e n t i r e  l i f e  support 

versus mission duration. fu r ther  weight economies i n  l i f e  support 
systems can only be a t ta ined by lowering the 

required weight of stored food. 
suggested f o r  accomplishing t h i s :  

The following five methods have been 
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0 Manufacture food from wastes biologically 
Manufacture food from wastes chemically 

0 Use high density food (mass/vol) 
0 Use high energy density foods (cal/mass) 
0 Reduce food requirements by reducing metabolism 

The manufacture of food from wastes in a spacecraft by biological methods, 
by physicochemicalmethods, and by combinations of the two is the main subject 
of this report and is analyzed in detail following a discussion of physico- 
chemical systems that do not manufacture food. 

PHYSICOCHEMICAL SYSTESIS 

Candidate Concepts 

A large number of candidate approach& have been studied for each of the 
physicochemical subsystem functions, that is, CO2 removal, C02 reduction, 
oxygen generation, water reclamation, waste management, contaminant control, 
and thermal control. Many of these approaches are not competitive for long 
missions. A list of candidate subsystems that apply to missions greater than 
one year was prepared early in the study. This list was reviewed with life 
support personnel at Wright-Patterson Air Force Base, NASA Manned Spacecraft 
Center, NASA Langley, and NASA Headquarters, as well as several industrial 
suppliers, to ensure a complete and accurate list. 
these discussions. 

Table I resulted from 

Subsystem Comparison 

The candidate concepts presented in table I were analyzed and a subsystem 
description; weight, volume, and power estimates; schematics; and a general 
discussion of the advantages and disadvantages of each subsystem were prepared. 
This information is presented in the midterm report. For this report, sub- 
system weight, volume, and power data have been summarized and combined with 
qualitative estimates of reliability, maintainability, safety, cost, and 
development effort to allow selection of preferred subsystem approaches. 
Tables 11, 111, IV, and V present these data for the four major physicochem- 
ical subsystems : CO2 removal, COz reduction, water electrolysis, and water 
reclamation. The thermal control, contaminant control, and waste processing 
subsystems were not considered areas for comparison of candidate approaches. 
The use of a space radiator system for thermal control and incineration of 
wastes are probably the only reasonable physicochemical approaches for 
extremely long space missions. Contaminant control on long missions will 
probably require the application of almost all the candidate concepts listed 
in table I. 

The weight, volume, and power data tabulated on the subsystem comparison 
The subsystem tables were taken from the curves presented in NASA SP-70. 

point ratings represent the qualitative assessment of reliability, maintain- 
ability, crew safety, cost, and development. Reliability measures the 



TABLE I-- CANDIDATE PHYSICOCHEMICAL SUBSYSTEMS 

C 0 2  removal 

Regenerable molecular sieve 
Electrodialysis 
Selective so l id  absorbent (amine sa l t )  
Liquid absorption 
Carbonation c e l l  

COz reduction 

Sabatier reactor  plus methane reduction 
Bosch reactor  
Solid e lec t ro ly te  
Fused sa l t  e lec t ro ly te  

Water e lec t ro lys is  (oxygen generation) 

Water vapor c e l l  
Rotating c e l l  
Ion exchange membrane c e l l  
Absorbent matrix porous electrode c e l l  
Combined electrolysis-vortex separator c e l l  

Water reclamation 

D i s t i l l a t i o n  - Vapor compression 
A i r  evaporation 
Thermoelectric 
Waste heat -vacuum 

Electrodialysis 
Electrolysis  

Waste disposal 

Incineration 

Contaminant control 

Sorption 
Catalytic burner 
F i l t e r s  
Ultraviolet  l i g h t  
Ion-discharge conductors 

Thermal control  

Space radia tor  
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re la t ive  a b i l i t y  of each system to provide the required function throughout 
the mission. 
required t o  keep t h i s  system i n  operation. The safety ra t ing indicates the 
seriousness of a f a i l u r e ,  f i r e ,  explosion, contamination, e t c .  Cost r e f l ec t s  
the needs of research, development, engineering, fabrication,  and qual i f ica-  
t ion  of the system. 
development e f fo r t  other than cost, tha t  is,  probabi l i ty  of success, schedule, 
and ava i l ab i l i t y  of specia l  t a len t s ,  resources, and f a c i l i t i e s .  The t o t a l  
point count i s  the sum of the  f i ve  rated categories. The preferred subsystem 
concepts were selected on the bas is  of t o t a l  point  count, weight, volume, and 
power. 

Maintainability measures the amount and type of maintenance 

The development ra t ing  measures the magnitude of the 

COP Removal.- The electrodialysis ,  l iqu id  absorption, and se lect ive  so l id  
absorbent CO2 removal systems a re  a l l  contenders f o r  the  selected approach. 
The regenerable molecular sieve, while having the highest point  count, i s  
prohibit ively high i n  weight, volume, and power and the carbonation c e l l  ra tes  
poor on a l l  counts. 
selected as the two most promising approaches. 
system is considerably heavier and requires much more power than the two 
selected systems and does not have a suf f ic ien t  point  advantage t o  override 
these disadvantages. 

The e lect rodia lys is  akd l iqu id  absorption systems were 
The se lect ive  so l id  absorbent 

COz Reduction.- The so l id  e lec t ro ly te  c e l l  and Bosch reactor were 
selected as the C02 reduction methods t o  be included i n  the integrated physico- 
chemical system. The so l id  e lec t ro ly te  c e l l  i s  the l i gh t e s t  system and has a 
reasonably favorable pdint  count. The Bosch has the highest point  count with 
only a s m a l l  weight penalty r e l a t i ve  to the  fused sal t  ce l l ,  which ra tes  very 
poor on point  count. The Sabatier reactor plus methane reduction rates r e l a-  
t i ve ly  poor on both counts, primarily because of the d i f f i c u l t i e s  with methane 
reduction. The so l id  e lec t ro ly te  c e l l  integrates well with the chemical food 
synthesis systems because it produces CO, which i s  the  preferred food synthe- 
sis s t a r t i ng  material.  

Water e lec t ro lys i s . -  The absorbent matrix porous electrode c e l l  and the  
ion exchange membrane c e l l  were selected as  preferred water e lec t ro lys i s  
systems because they represent the  bes t  combination of weight, volume, and 
power and point  count ra t ing .  
choice w a s  somewhat a rb i t r a ry  because the  four  remaining c e l l s  were r e l a t i ve ly  
close i n  t o t a l  ra t ing.  

With the  exception of the  rota t ing ce l l ,  the  

Water reclamation. - The vapor compression, air  evaporation, thermoelec- 
t r i c ,  and waste heat vacuum d i s t i l l a t i o n  systems are very competitive, and 
se lect ion from these four  systems w a s  d i f f i c u l t .  The thermoelectric and 
waste heat  vacuum d i s t i l l a t i o n  systems were selected because the  margins i n  
weight, volume, and power a r e  greater  f o r  these systems than the point count 
margins f o r  the  other two approaches. 
ra t ing because of the  high power required f o r  the e lec t ro lys i s  process and the 
r e l i a b i l i t y  problems associated with electrolyzing urine.  The e lect rodia lys is  
system is heavy because of the  charcoal and chemicals required t o  remove urea 
from the urine before processing. 

The e lec t ro lys i s  system has a poor 
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Subsystem Integration 

The selected subsystem approaches were combined in to  two physicochemical 
systems t o  be compared with the other l i f e  support systems generated during 
the study. The combined systems were ident i f ied  as systems A and B. 

Physicochemical Phys icochemical 
system A system B Subsystem function 

The 

C02 removal Electrodialysis 
CO, reduction Bosch reactor 
Water e lec t ro lys is  Absorbent matrix 
Water reclamation Waste heat-vacuum 

d i s t i l l a t i o n  
Thermal control  Space radiator  
Contaminant control Burner, sorption, 

Waste disposal Incineration 
f i l t e r s  

Liquid absorption 
Solid electrolyte  
Ion exchange membrane 
Thermoelectric 

d i s t i l l a t i o n  
Space radiator  
Burner, sorption, 

f i l t e r s  
Incineration 

electrodialysis  and so l id  electrolyte  c e l l  subsystems produce oxygen 
i n  the process of removing and reducing C02. 
same system, excess oxygen would be produced unless substant ial  cabin leakage 
were encountered. Therefore, the electrodialysis  and Bosch subsystems were 
combined i n  system A and the l iquid absorption and so l id  e lec t ro ly te  c e l l  
subsystems were combined i n  system B. 

If they were u t i l i z e d  i n  the 

The remaining combinations were arb i t ra ry .  Weight, volume, and power f o r  
these combined systems were estimated during the system comparison studies 
presented later in ' the  report .  
combined with data f o r  the other subsystems, including food supply, t o  provide 
t o t a l  system weight, volume, and power. 

?"ne information i n  tables  I1 through I V  w a s  

THE CHEMICAL SYNTHESIS OF FOOD 

The logica l  extension of the physicochemical regenerative system i s  the 
chemical synthesis of food from metabolic and other wastes, such as C02 and 
urine. 
about 1-1/2 l b  of food per  mission man-day. Figure 1, based on the type of 
system described i n  the previous section, shows tha t  85,000 l b  of a t o t a l  
100,000 l b  l i f e  support system (5O,men, 1000 days) was stored food. 
evident tha t  any fur ther  subs tant ia l  lowering of the l i f e  support system 
weight f o r  longer mission must involve the manufacture of food from wastes and 
that the  potent ia l  savings from such manufacture of food could decrease the 
t o t a l  l i f e  support system weight by as much as 85 percent f o r  a three-year 
mission, and even more f o r  longer missions. 

As  mentioned ea r l i e r ,  systems t h a t  do not manufacture food must supply 

It is 

Two possible methods f o r  manufacturing food from wastes i n  spacecraft 
have been considered, namely, biological  and chemical. Biological synthesis 
has received much more study than chemical synthesis and recommends itself 
more ins t inc t ive ly  since it is the method u t i l i zed  by our own ear th  ecology 
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and, potent ia l ly ,  i s  capable of reproducing the  en t i r e  spectrum of steaks, 
chops, and vegetables with which we a r e  familiar. In  practice,  however, the  
production of such familiar foods i n  space would require a system of enormous 
comglexity with very high percentage losses i n  the  form of inedible products 
of many ecological "links. I' 

Presently, the  chemical synthesis of food, is  r e s t r i c t ed  t o  a few simple 
types of food found i n  nature. 
r e l a t i ve ly  small amount of the  more complicated nutr ients ,  and there is  reason 
t o  believe t ha t  80 t o  90 percent of the  calor ic  requirements could be satis- 
f i e d  by simple organic compounds t h a t  could be synthesized i n  space more eco- 
nomically than most, if not a l l ,  biologically produced nutr ients .  The 
hypothesis underlying t h i s  port ion of the study w a s  t h a t  it w a s  preferable t o  
synthesize the major portion of the d i e t  chemically and carry the  remainder 
as stored food ra ther  than t o  synthesize a complete d i e t  biologically.  Obvi- 
ously, there  i s  some mission duration beyond which any system tha t  requires 
no stored food i s  preferable to any system t h a t  requires stored food; but  t h i s  
study indicates,  as have others, t h a t  such a duration may be well beyond the 
three years a r b i t r a r i l y  assumed t o  be the maximum duration of i n t e r e s t .  

Fortunately, however, the  body requires a 

The problems t o  be solved i n  achieving a chemical solution a r e  bas ical ly  
nu t r i t iona l ,  chemical, and psychological and a r e  cen t ra l  not only f o r  space- 
f l i g h t  but ,  perhaps, f o r  feeding the rapidly expanding human race. 

The following discussion is  divided in to  four par t s .  Part  1 discusses 
Part  2 discusses the the nu t r i t i ona l  problems associated with formula d i e t s .  

synthesis of formaldehyde from C02 and H20. P a r t  3 discusses the synthesis of 
acceptable nutr ients ,  mainly from formaldehyde. Par t  4 analyzes the three 
selected processes f o r  the  manufacture of glycerol,  fructose, and ethanol. 

Nutri t ional  Requirements 

Basic nu t r i t iona l  requirements. - Many subt le  problems concerning the use 
of formula d i e t s  i n  space remain t o  be solved. 
requirements, vitamin, mineral, and other t race  requirements, and e f fec t s  
upon i n t e s t i n a l  f l o r a  a r e  po ten t ia l ly  important, but  a re  not discussed i n  
t h i s  report  since the main conclusions a re  independent of these matters. For 
the purpose of comparing systems, a t o t a l  energy requirement of 2800 kcal/day 
is assumed. 
be 30 g/day. 

Total ca lor ic  and water 

Vitamin, mineral, and other t race  requirements were assumed t o  

A widely quoted f igure  ( f o r  ea r th )  f o r  prote in  requirements i s  0.5 g/kg 
of body weight per  day, or 35 g f o r  a 70-kg man. 
complete protein.  
moderate f luctuations among suvjects .  
usually recommend twice t h i s  value f o r  safe ty  but the careful ly  controlled 
conditions of space d i e t s  should make the lower value a reasonable assumption. 

This assumes a high qual i ty  
The value is, an average f o r  adul ts  and i s  subject t o  

Nutri t ional  guides f o r  the  public 

Although the  only ident i f ied  human requirement f o r  fa t  is t ha t  f o r  about 
2 g/day of unsaturated f a t t y  acids,  20 g of fa t  per  day i s  assumed. 
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Assuming a t o t a l  energy requirement of 2800 kcal/day, and assuming 35 g 
of protein y ie ld  140 kea1 and 20 g of fat y ie ld  180 kcal, 2480 kea1 remain 
t o  be supplied by carbohydrates. All of which i s  t o  say tha t ,  assuming that 
the carbohydrate i s  nu t r i t iona l ly  and psychologically acceptable, almost a l l  
of the carbohydrate t h a t  could be synthesized from the dai ly  production of 
CO2 and water could be u t i l i z ed  as food. Even i f  a l l  of the  prote in  and fat 
portions of the  d i e t  were stored, t h i s  would reduce stored food requirements 
from, f o r  exaaple, 650 t o  55 g/day, a saving of over 90 percent. 
synthesis by chemical means might be possible, but  the problems here are 
greater  and the po ten t ia l  returns much less .  L i t t l e  e f fo r t  w a s  spent on fat 
synthesis during the  study. The study of the chemical synthesis of food w a s  
l imited t o  the study of the synthesis of ethanol, glycerol, and other three-  
carbon compounds t h a t  a r e  known intermediates i n  metabolism, and the  hexose, 
fructose.  

Protein 

Glycerol.- Glycerol seems as l i ke ly  to be an acceptable major ca lor ie  
source as any three-carbon compound and, tenta t ively ,  appears t o  be the 
eas ies t  t o  manufacture from the wastes available.  
sumed by man a re  polyesters of glycerol.  
source normally amounts t o  only a few grams per day. 
feeding experiments involving the  ingestion of as much as 110 g of pure 
glycerol per  day ( i n  three doses) fo r  50 days a re  reported. 
e f fec t s  have been reported following the ingestion of larger  amounts of 
glycerol a t  one time by man or animal. The adverse e f fec t s  of glycerol 
recorded appear t o  be re la ted t o  i t s  osmotic propert ies and tha t  the renal  
threshold i s  exceeded and lost in to  the urine when blood levels a r e  elevated 
On the bas i s  of present information, the predict ion is tha t  glycerol  can be 
safe ly  used t o  supply 900 t o  1400 kea1 per  day, but probably not more. 

The fats normally con- 

Successful hwnan 
The amount of glycerol from t h i s  

Various adverse 

Ethanol.- The only obvious problem with ethanol is  control  of the r a t e  of 
administration t o  prevent intoxication, nausea, and acidosis .  When ethanol 
ceases t o  be a food and becomes a pharmacologic agent depends upon the blood 
level  a t ta ined,  t ha t  is, upon the ra tes  of administration and absorption 
versus the r a t e  of u t i l i z a t i on .  Reported ra tes  of u t i l i z a t i o n  indicate t ha t  
man could ingest  from 7 to 17 g/hr without pharmacologic e f fec t s .  
amount might provide from 50 t o  75 percent of a l l  calor ie  requirements i f  the 
ethanol were ingested i n  small amounts every one t o  two hours. 

This 

Many detrimental e f fec t s  have been linked with ethanol, but  most, i f  not 
a l l ,  appear t o  be explainable e i t he r  as a r e su l t  of drinking t o  the point  of 
intoxication, t ha t  is, beyond the rate described above as permissible, or 
as side e f fec t s  from not eat ing required prote in  o r  other nutr ients .  It is 
necessary t o  supplement an ethanol d i e t  with 90 t o  120 g of protein and/or 
carbohydrate per day t o  prevent the  accumulation of ketone bodies (ketos is) ,  
but such amounts would be provided anyway fo r  other reasons. 
logical  problem of controll ing the  r a t e  of administration w a s  considered 
bas ica l ly  t o  be beyond the  scope of t h i s  study, but  such a problem could be 
l imi t ing.  It was f e l t  e a r l i e r  during the study tha t  there was an excellent 
chance t h a t  a mixed d i e t  of, f o r  example, l/3 ethanol and 2/3 glycerol would 
be superior t o  e i t he r  separately. 
l i t e r a tu re ,  however, t h a t  glycerol  uptake is  reduced t o  about 1/3 the control 

The psycho- 

Two reports were found l a t e r  i n  the  



value i n  the  presence of ethanol. 
with accumulation of reduced diphosphopyridine nucleotide i n  the l i v e r  during 
ethanol metabolism. 
present t h i s  problem. 

This phenomenon is thought to be associated 

An ethanol-fructose combination apparently would not 

Fructose. - Fructose occurs with more or l e s s  glucose i n  plant  juices, i n  
fruits, and especial ly i n  honey, of which it const i tu tes  about one-half the 
s o l i d  matter. Fructose serves, l i ke  glucose, f o r  the production of glycogen. 

Because none of the l i t e r a t u r e  reviewed mentions which op t ica l  isomer of 
fructose w a s  used i n  feeding studies,  it i s  assumed tha t  D-fructose was used. 
With moderate t e s t  dosages, fructose is as completely absorbed but  a t  65 per-  
cent of the  r a t e  of D-glucose. 
s t r e s s  s i tua t ions  (unlike t ha t  of glucose), and it appears to be metabolized 
more than twice as rapidly as glucose. 
of almost doubling the  r a t e  of metabolism of ethanol. Successful hurnan 
feeding s tudies  a r e  reported f o r  ingestion r a t e s  up to 250 g/day. 
ra tes  a r e  not reported. 

Its r a t e  of metabolism is not depressed i n  

Fructose has the  in teres t ing e f f ec t  

Higher 

It has been reported t h a t  serum cholesterol  values are higher when 
sucrose i s  present i n  the d i e t  than when glucose i s  given. 
not absorbed as such, t h i s  e f fec t  i s  probably due to the fructose moiety, but  
no specif ic  evidence on t h i s  point w a s  found. 
and t h a t  fructose i s  extremely sweet and the  general problem of osmotic load, 
there seems t o  be no bar  t o  i t s  u t i l i z a t i o n  as a major energy source. 

Since sucrose is 

Except fo r  these considerations 

D-  vs. L-carbohydrates. - Since the  resolution of a racemic mixture i s  the 
most d i f f i c u l t  s tep i n  the synthesis of a D-carbohydrate, f o r  example, 
D-fructose, an attempt was made t o  ver i fy  the  necessity of feeding D-  
carbohydrates. A reasonable search has not yielded any information on the 
peroral  administration of L- or racemic carbohydrates. I n  v i t ro ,  L-sorbose 
i s  a strong inhibi tor  of hexokinase and DL-glyceraldehyde inh ib i t s  glycolysis.  
DL-glyceraldehyde i s  f ive  times as e f fec t ive  as D-glyceraldehyde i n  inhibi t ion 
of incorporation of glycine in to  mouse a sc i t e s  tumor-cell proteins; both 
inh ib i t  respira t ion and tumor growth. 
allothreonine forms glycogen i n  the rat quite as ef fect ively  as does DL- 
threonine, although only D-threonine f u l f i l l s  the e s sen t i a l  amino acid role .  
This suggests, but  does not prove, t h a t  L-threose may be u t i l i z e d  and i s  prob- 
ably harmless a t  l o w  dosages. Evidence indicates t ha t  L-isomers and racemic 
mixtures should be avoided, but t h i s  problem deserves fu r ther  study. 

It has been reported t ha t  DL- 

Formaldehyde Synthesis 

Early i n  the study it w a s  concluded t h a t  based on ana ly t ica l  chemical 
considerat lons supported by a l i t e r a t u r e  survey, edible polycarbon compounds 
are most economically formed using fowaldehyde (HCHO) as an intermediate. 
Russian workers have considered the  food synthesis problem and have a l so  
concluded tha t  formaldehyde synthesis  as an intermediate s tep i s  more feas ible  
than d i rec t  carbohydrate synthesis  from CO and H2. This section considers 
several  methods of producing HCHO from C02 and H20. Many of the concepts 
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assume CO and H2 t o  be the available reactants.  
such cases of methods of producing CO from CO2 or H 2  from H20 since such 
methods a r e  being developed i n  connection with other aspects of spacecraft 
l i f e  support systems. 

N o  discussion i s  presented i n  

A l i t e r a t u r e  search revealed very l i t t l e  recent or current work per t inent  
t o  formaldehyde synthesis.  In a NASA-funded study, HCHO synthesis w a s  
attempted i n  a s i l e n t  e l e c t r i c a l  discharge by the  d i r ec t  reaction: 

CO + H2 = HCHO 

Maximum yields w e r e  found t o  occur with the stoichiometric reactant  ra t io ;  
however, these yie lds  were less than 1 percent. 

Van Rysselberghe, using quaternary ammonium and potassium salts as 
e lect rolytes ,  found t h a t  electrochemical reduction of C02 t o  formic acid 
(HCOOH) took place with 100 percent current ef f ic iencies  on mercury cathodes, 
apparently a t  ambient temperature and pressure. 
synthesis by t h i s  process. 

He has not noted formaldehyde 

Other NASA-funded work i n  1962 centered about electrochemical studies on 
the cathodic reduction of C02. 
apparently only t race  quanti t ies of formaldehyde were detected. The reduction 
was accomplished "at extremely low ef f ic ienc ies .  " 

Only qua l i t a t ive  data w a s  reported, and 

Two other reaction schemes a r e  po ten t ia l ly  sui table  f o r  formaldehyde 
synthesis i n  a space vehicle and a re  designated as process A and process B. 
These processes can be represented as follows: 

Process A 

C02 + 2H2 

CH30H + 02 

CH30H Catalyst:  oxides of Zn, C r ,  Mn, or A1 
T Z 300° C ;  F Z 300 atrn 

Catalyst:  oxides of Mo, Fe, or V; 
also,  Ag and Cu screens 

T = 450°- 600° C; P = 1 atm 
HCHO + H20 (2a) 

t HCHO + H2 (2b) Catalyst: Ag and Cu screens CH30H 
T = 635' C; P = 1 atm 

Process B 

t HCOOH (3)  Electrochemical process on Hg cathode C02 + H2 
T = 2 5 O -  100' C; P = 1 atm 

P HCHO + H20 + C02 (4)  MgO ca ta lys t  
T = 25'- 275' C; P = 1 atm (?)  

2HCOOH 
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A l l  the  steps of process A a re  currently performed routinely i n  industry, 
and have been proven t o  be i n t r i n s i c a l l y  sound. 
involve a high pressure step,  equation (1). 

This process does, however, 

Process B is  recommended f o r  fu r ther  study; f e a s i b i l i t y  remains t o  be  
proven f o r  the  second s tep.  A s  mentioned above, the  step indicated by equa- 
t i on  (3)  has been previously reported with high yie lds .  
HCOOH t o  HCHO i n  a s t a t i c  system has been recently noted by Dutch inves t i -  
gators by infrared spectra a t  absolute pressures of a few t o r r .  The present 
s ta tus  of process B must be considered t h a t  of a laboratory cur ios i ty .  
t i ta t ive  data and other information needed f o r  reactor  design a re  not avail- 
able.  Nonetheless, t h i s  process i s  po ten t ia l ly  of great  i n t e r e s t  because it 
provides an ambient pressure and temperature route t o  formaldehyde synthesis. 

The decomposition of 

Quan- 

Process A, methanol synthesis, equation (l).- 'Ikeoretically, CO and H can 
react  t o  form a large number of products. 
of these reactions a r e  shown i n  tab le  V I .  

Thermodynamic information and some 

TABLE V I . -  TYPICAL COMPETING REACTIONS I N  METWOL SYNTHESIS FROM 

CO AND H 2  REACTION 

&O25' C m0250 C m03270 C m03270 C 

(5 .1)  CO + 3H2 = CH4 + H2O(g) -49.3 -34 - 52 -17 

(5.3) 3c0 + 7Hz + C3H8 = 3&0(g) - 119 -71 -125 -21 
(5 .4 )  60 + 2H2 = CH30H(g) - 22 - 6  - 24 11 
(5.5)  2CO + 4H2 = CH30CH3(g) + HZO(g) -50 -16 -53 19 
(5.6) 2CO + 4H2 = CzHsOH(g) + H20(g) - 61 -29 - 65 4.5 
(5.7) 3c0 + 6H2 = C3H70H(g) + 2HzO(d -99 -5 3 -104 -4.4 
(5.8) 2CO + 2H2 = CH4 + C02 -59 -41 -61 -21.2 
(5 -9 )  3c0 4- 3x2 = CZH50H(g) co2 - 71 -36 - 74 -0.57 

(5.2) 2CO + 5 H 2  = C2H6 + 2H20(g) -83 -52 - 88 -18 

(5.10) 2CO = C ( S )  + CO2 - 41 -29 -41  -16 

Formation of para f f in  hydrocarbons (reactions 5 . 1  - 5.3 and 5.8) i s  
favored thermodynamically over the  methanol reaction a t  a l l  temperatures; 
high pressures have the  greates t  favorable e f f ec t  on reactions 5.4 t o  5.7 and 
5.9 because of a 3 : l  volume contraction with reaction.  
methanol yie lds  are ca ta lys t  se lec t iv i ty ,  appropriate choice of temperature 
and pressure, and high space veloci ty  (20,000 t o  50,000 h r - l ) .  

The keys to high 

Because of the heat release from the reaction of 24 kcal/g-mole methanol, 
no heat needs to be added to the reactor once the reaction has begun to main- 
t a i n  the  temperature a t  300' C .  Temperature i s  kept constant by maintaining 
proper space veloci ty  and heat exchange. 
300 a t m  and heated i n  counter-current exchangers by the  product gas. 
gases a r e  expanded t o  1 a t m  pressure and cool l iqu id  methanol of 99 percent 
pur i ty  i s  decanted. Conversion per  pass of CO i s  about 15 percent. 

Reactant gases are compressed t o  
Product 



Process A,  methanol reaction to formaldehyde, equations (2a) and (2b). - 
A mixture of methanol vapor and air  or oxygen i s  passed over a f ixed cata lys t  
bed a t  atmospheric pressure. The product gases are  absorbed i n  water and then 
separated by d i s t i l l a t i o n .  When oxides of Mo, Fe, or V are used as cata lys ts ,  
the mechanism is  believed to be tha t  represented by equation (2a).  Si lver  and 
copper metal ca ta lys ts  appear to r e su l t  i n  both oxidation and dehydrogenation, 
represented by both equations (2a) and (2b). Water vapor has a favorable 
e f fec t  on the metal-catalyzed process i n  tha t  the  reaction temperature i s  
lowered and side reactions are inhibited.  I n  the metal-catalyzed process, the 
feed i s  about 50 volume percent CH30H and 50 volume percent air, whereas 5 to 
10 times as much a i r  i s  required by the oxide-catalyzed process. 
that l e s s  di luent  gas i s  required for cooling by the former process i s  t ha t  it 
i s  a combination of an exothermic (oxidation) and an endothermic (dehydrogena- 
t ion)  reaction, so t ha t  the heat from one reaction tends to be consumed by the 
other. 

One reason 

The hot product gases from the  ca ta ly t ic  reactor a r e  delivered to a 
column where a preliminary separation of HCHO and unreacted CH30H occurs by 
scrubbing and cooling. The gases then pass to a f i n a l  scrubber fed with cold 
water and a r e  then vented. For the  case of an a i r  feed and a metal ca ta lys t ,  
the e x i t  gases contain about 20 percent hydrogen. For 75 percent nitrogen, 
5 percent CO2, and t races  of GO, oxygen, and methane which represent d i r ec t  
lo s s  of methanol by over-oxidation. The combined condensate and scrubber 
l iquid  from the main column (containing HCHO, w a t e r ,  and about 15 percent 
methanol) a r e  fed a t  sui table  points  i n to  a fract ionating column, where 37 
percent formaldehyde plus the  desired amount of methanol s t a b i l i z e r  i s  removed 
from the  bottom, and excess methanol i s  removed from the  top and returned to 
the feed vaporizer. 
on the methanol fed a re  obtained by using e i ther  the metal or metal oxide 
ca ta lys t  . 

Overall net  y ie lds  of 85 to 90 percent by weight based 

A p r i o r i ,  there  i s  no apparent reason why the  current commercial 
processes f o r  formaldehyde synthesis from CO and hydrogen as represented by 
process A could not be used f o r  space applications, provided t h a t  the oper- 
a t ion  of in tegra l  un i t s  such as d i s t i l l a t i o n  and scrubbing columns can be 
carried out under zero g and other spacecraft conditions. The steps involved 
should be investigated under laboratory conditions with a view toward: 
(1) developing reaction and separation un i t s  t h a t  a r e  more compact and l i gh t e r  
than presently available commercial uni ts ,  and (2 )  performing a ca ta lys t  
study t o  optimize ca ta lys t  l i f e  and poisoning resistance.  
metal ca ta lys t s  may of fe r  subs tan t ia l  advantages but  have not been exten- 
s ively  studied for commercial use due t o  cost  l imi ta t ions .  

Certain precious- 

A laboratory study should be made to determine i f  process B c a n b e  used 
on a continuous bas i s  with reasonable yie lds .  
more a t t r ac t i ve  because no high pressure steps a r e  involved. 
however, may involve a gas buildup a t  the  electrode under zero g .  

Process B i s  i n t r i n s i c a l l y  
Process 23, 



The Synthesis of Edible Polycarbon Compounds 

I n  t h i s  port ion of the  study, the  main emphasis w a s  on the synthesis of 
glycerol,  D-fructose, and ethanol. 
use formaldehyde as a starting material .  
ce r ta in  other compounds a r e  discussed b r i e f ly .  

The first  two syntheses were assumed t o  
The syntheses of polypeptides and 

The chemical synthesis of proteinoids.-  Several syntheses of amino acids 
from simple gases have been reported. 
e l e c t r i c  discharge i n  gaseous mixtures of methane, hydrogen, water, and ammo- 
nia.  
l i g h t  and a, P, 7, and X-rays. 
use of thermal energy. 
t ions  of methane, ammonia, and water. Typical r e su l t s  yielded racemic 
mixtures of amino acids and s m a l l  (2  - 8 un i t s )  polypeptides. 
nonsulfur-containing amino acids common t o  proteins,  14 were produced simul- 
taneously. It is s ignif icant  t h a t  these 14 amino acids are common t o  prote in  
and t h a t  no other amino acids were found. 
successfully t ha t  simple gases are thermally convertible t o  most amino acids.  
This approach appears promising f o r  studies directed toward prolonged 
missions. However, considerably more research w i l l  be needed t o  determine 
a l l  the  variables and develop good yie lds .  
a r e  not synthesized i n  the  above-mentioned process. 
area i s  not recommended f o r  the  immediate f i t u r e .  

Two of the  earliest methods used an 

Other sources of energy used f o r  similar syntheses were u l t r av io l e t  
A novel approach t o  the problem involved the 

The last method involved vapor phase thermal reac- 

From the 18 

The above experiment indicated 

The sulfur-containing amino acids 
Further work i n  t h i s  

High energy nonfat nutr ient  sources.- I n  an attempt t o  discover high 
energy nutr i t ious  compounds, ce r ta in  organic molecules not found i n  natura l ly  
occurring foods have been studied. Among the  compounds examined, 1, 3- 
butanediol and 2, 4-dimethylheptanoic acid were promising. 
been proven tha t  such compounds a r e  acceptable hwnan die tary  nutr ient  sources. 
While these two compounds a re  not considered feas ible  candidates for space- 
c r a f t  synthesis, the  considerable successful animal nu t r i t ion  work w i t h  the 
compounds indicates the  general v e r s a t i l i t y  of mammals w i t h  respect t o  
acceptance of unusual energy sources, and par t i cu la r ly  t h e i r  a b i l i t y  t o  
u t i l i z e  small molecular weight compounds. 

It has not ye t  

The ca ta ly t ic  condensation of formaldehyde t o  glycerol  and t o  fructose.-  
For many years it has been known t h a t  formaldehyde i s  condensed i n  the  
presence of base t o  y ie ld  a sweet syrup consisting of d i f fe ren t  sugars and 
other organic compounds. Feeding experiments using such syrups with rats, 
however, were not successful.  
reaction product typ ica l ly  obtained from such a formaldehyde condensation 
consisted of many organic compounds among which about s i x  hexoses, four 
pentoses, as well as erythrose and threose, were present.  
sugars is i n  the DL form since the  reaction conditions are nonstereospecific. 

Paper chromatography indicates t h a t  the  sweet 

Each of these 

Direct u t i l i z a t i o n  of such nonspecific condensations was not feas ib le  
because of the low yie lds  of usefulproducts ,  complicated separation tech- 
niques, and d i f f i c u l t  resolutions required. Instead, an intensive search 
was made of specif ic  ca ta lys t s  and reaction conditions t h a t  would give high 
yie lds  of desired products. The most promising methods iden t i f i ed  a r e  
summarized below. 



Glycerol.- Three promising methods for the production of a mixture of 

Irrespective of 
DL-glyceraldehyde and dihydroxyacetone from formaldehyde were found. 
reactions are represented by equations (6), ( 7 ) ,  and (8). 
the methods used, the following step is the same, that is, the hydrogenation 
of the triose mixture over a platinum black catalyst as shown by equation (9). 

16 percent formaldehyde M g  DL-glyceraldehyde + dihydroxyacetone 
(HCHO) in water 

These 

4- 5 hr at 130° c 30 - 40 percent 30 40 percent 
under pressure yield (assumed) yield (assumed) 

(6) 

1 HCHO and t glycol aldehyde f byproducts 
catalyst; 35'- 40° C 50 percent yield 

t DL-glyceraldehyde f byproducts Ca(OH2) glycol aldehyde 
75 percent yield 

( 8 )  
Na2SO3 

1 hr at 50' C 
paraformaldehyde t DL-glyceraldehyde + dihydroxyacetone 

74 percent yield (assumed) 

DL-glyceraldeh;yde H2 in ethanol 

(9) 
+ glycerol 

dihydroxyacetone over Pt black ' 90 - 95 percent yield 
(assumed) 

D-fructose.- The synthesis of D-fructose also starts with one of the 
three reactions shown in equations (6), (7), and (8). 
be used from there to D-fructose. The first route involves the resolution of 
DL-glyceraldehyde and the synthesis of D-fructose by the condensation of D- 
glyceraldehyde and dihydroxyacetone. The second route involves the synthesis 
of DL-fructose from DL-glyceraldehyde and dihydroxyacetone and the subsequent 
resolution of the DL-fructose. 
ease of the two resolutions. Only the first route is shown below (eqs. (lo), 
(ll), (12), and (13)); but a more thorough investigation might show resolution 
of D-fructose to be the easier. 

Two possible routes can 

The choice would be determined by the relative 

DL-glyceraldehyde - D-glyceraldehyde plus L-glyceraldehyde (10) 
(This step requires considerable research. 
step are documented. 
chromatography with an optically active substrate.) 

Only tedious methods for this 
It is suggested that resolution be tried by column 

L-glyceraldehyde anhydrous pyridine t dihydroxyacetone 
49 percent yield 
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D-glyceraldehyde B ~ (  OH), 

dihydroxyacetone d i lu t e  H2S04 
+ ' D-fructose + D-sorbose 

34 - 50 percent y ie ld  of D-fructose 

(12) 
D -fructose 

D -sorb ose D-sorbose i n  solution 

CaO + - The calcium salt  of D-fructose p rec ip i ta tes  leaving (13) 

The D-fructose is  recovered by passing a stream of C02 through a water 
suspension of the calcium salt .  
f i l t r a t i o n .  

The calcium carbonate i s  then removed by 

Ethanol synthesis.-  The t w o  most promising routes t o  ethanol a re :  

3 0  3Hz - C2HsOH c02 

Equilibrium data indicates t ha t  reaction (14) is  favored by an order of 
magnitude over reaction (15) and since kinet ic  data were unavailable, reaction 
(14) i s  used as the bas is  of p lant  design. Reaction conditions a r e  190' C and 
30 a t m  pressure. 
ethanol, i s  reported. 
ca ta lys t  is  simi1a.r t o  standard Ruhrchemie iron cata lys t ,  which contains 
copper, calcium oxide, and diatomite impregnated with KOH. The problems with 
the ethanol process a r e  mainly the same ones common t o  the glycerol and 
fructose processes (i. e . ,  finding the r igh t  ca ta lys t  and separating the 
desired reactants from a mixture and high recycle requirements resul t ing from 
l o w  y i e ld s ) .  The ethanol process or iginal ly  seemed simpler than the glycerol 
process because it w a s  bas ica l ly  a single step reaction. 
however, revealed t h a t  the  higher recycle rate, long residence time, and l o w  
yields made the ethanol system considerably heavier than the glycerol  system. 
This comparison is somewhat unfai r  to the ethanol system i n  t h a t  commercial 
ethanol f igures were compared with laboratory glycerol y ie lds .  There is  some 
reason t o  hope tha t  the ethanol y ie lds  could be increased substant ia l ly  by the 
use of more expensive ca ta lys t s .  

An 80 percent y ie ld  of alcohols, of which 12 percent i s  
A space velocity of 100 t o  500 h r - l  i s  used and the 

Close analysis ,  

Process Analysis 

Estimates of weight, power, and thermal requirements f o r  the  synthesis 
of glycerol,  D-fructose, and ethanolwere made, based on available data. 
These compounds were judged the most promising of a l l  those considered as a 
major energy source. Star t ing materials  f o r  syntheses a re  assumed t o  be CO 
and H2. To close the ecological system, a l l  chemical p lant  wastes are incin- 
erated t o  C02 and HzO, and the products electrolyzed t o  regenerate s t a r t i ng  
materials.  
e lect rolys is ,  which i s  an addi t ional  load on the environmental control  system 

Synthesis p lants  a r e  charged the equivalent penalty f o r  t h i s  
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e lec t ro lys i s  un i t s .  The inevitable s m a l l  loss of carbon i n  the synthesis ' 
cycle i s  accounted f o r  as f r ee  carbon production, and amounts t o  a f e w  
hundredths of a pound per  day. 

Tables V I I ,  V I I I ,  and IX show the  estimates made, and f igures  2, 3, and 
4 show the  process flow charts  for  the  three syntheses - glycerol,  fructose, 
and ethanol. 

TABU V I I .  - GLYCEROL SYNTHESIS PLANT ESTIMATES (LO MEN) 

Weight, E l ec t r i ca l  power, Thermal requirements, kW 
He a t  ing Coo l ing  l b  kW Step 

2 30 Methanol 
(22 3 lb/day) 

Formaldehyde 
(18.2 lb/day) 

Trios e s 
(13.4 lb/day) 

Glycerol 
(13 -/day) 

50 

20 

160 

5 -0 0.16 (570° F) 3.5 

* 97 
.23 ( 1 2 0 0 O  F) 

.002 .36 (200' F)  

.002 

.002 

.08 (200' F) .08 

6.7 ( 2 O O O F )  6.7 

25 --- neg . .6 Waste incinerator 
(9.3 w d a Y >  
To ta l  485 5 -0 -23 ( 1 2 0 0 O  F) 11.85 

.16 (570° F) 
7.14 (200' P )  

TABLE V I I 1 . -  D-FRUCTOSE SYNTHESIS PLANT ESTIMATES 

[Basis : 13.9 lb/day] 

Weight, E l ec t r i ca l  power, requirements, kw 
l b  kW Heating Coo l ing  

2700 22 3.3 (1900° F) 41 (of t h i s  
1.0 (1200OF) 0 . 2 2 O  t o  35' F) 
6.9 ( 5 7 0 ~  F) 

17.0 (200° F) 
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TABLE IX. - ETHANOL SYNTHESIS PLANT ESTIMA.TES 

[Basis: 3.95 lb/day] 

Weight, E lec t r ica l  power, Thermal requirements, kW 
lb kW Heating Cooling 

900 0.45 1.4 (200'F) 6.2 

WASTES TO IWNERAlOR ETHANOL RECYCLE RICKLE 

Figure 2.- Glycerol synthesis f low chart. 

TO WASTE 
INCINERATOR 

I COLUMN 

yGT% EVAPO~ATTOR- 
OF TRIOSES+ FILTER I D 8 L GLYCERALDEHYE 

TO INCINERATOR 

D I H Y ~ A C E T W E  D-GLYCERALDEHYDE 
%ID CONVERTER 

D-FRUCTOSE-SORBOSE MIXTURE 

M (D-SORBOSE) 

t 
EXCESS 

DIHYDROXYACETWE 
TO INCINERATOR 

WATER 

COCO3 TO COO REGLNERATOR 

t 
D ~ FRUCTOSE 

SOLUTION 

Figure 3 . -  D-fructose synthesis flow chart. 

RECYCLE 

co WATER 

HZ 

ORGANIC WASTES PHASE SEPARATOR 

A ~ C O ~ O ~  WASTE ETHANOL 

RECTIFICATION 
MLUMNS 

Figure 4.- Ethanol synthesis flow chart. 

BIOLOGICAL SYSTEMS 

Since space t r a v e l  w a s  first discussed, b iological  systems, chief ly  
photosynthetic, have been suggested as  ways of closing the spacecraft ecolog- 
i c a l  cycle. 
chicken, and c a t t l e  t ha t  subsisted on the plants and provided man h i s  pre-  
ferred foods. For every pound of steak, but ter ,  eggs, or  strawberries 

Elaborate systems have been conjured up,including the  use of f i sh ,  



produced, however, several pounds of inedible horns, skin, bones, stems, roots, 
and other materials a r e  a l so  produced. The l a t t e r  could only be recycled with 
great  d i f f i c u l t y  by incinerat ion or microbial digestion. 

The calculat ions made during the  study indicate t ha t  a biological  system 
t h a t  i s  economical f o r  one-to three-year missions must be largely  edible as 
grown and must lend i t s e l f  t o  exterided r e l i ab l e  automated growth and harvest-  
ing. Calculations a l so  indicate t h a t  no biological  system ever investigated 
seems economical as a gas exchange medium alone, but m u s t  be used as a major 
food source i f  it is t o  f ind application. The power penalty is  an important 
fac tor .  The precise influence of t h i s  variable is  indicated i n  the following 
section, but  it might be generally noted tha t  the  economy of b iological  
systems f o r  space f l i g h t  is  highly dependent upon the developaent of e f f ic ien t ,  
r e l i ab l e  nuclear or so la r  power systems t h a t  produce power f o r  a f e w  hundred 
pounds per kilowatt or l e s s .  

The following section is divided in to  four par t s .  The first p a r t  deals 
with the  three  types of b iological  systems tha t  have received considerable 
study and seem most promising, namely, algae, Hydrogenomonas, and duckweed. 
The second deals w i t h  l i t t l e  studied or unstudied biological  systems; the  
t h i rd  p a r t  contains the r e su l t s  of an evaluation of a system tha t  would 
u t i l i z e  natural  l i g h t  fo r  photosynthesis, and the fourth section contains 
system analyses of the  three most promising systems. 

Candidate Concepts 

Two tDes of biochemical reactions a r e  being considered i n  the  develop- 
ment of a biological  regenerative l i f e  support system. 
biochemical reaction i s  photosynthesis. Photosynthesis is  the complex process 
by which c e l l  materials are synthesized from C02 and H20 by l iv ing plant  ce l l s ,  
using v i s ib l e  l i gh t  as an energy source. Photosynthesis can be represented by 
the following generalized equation: 

The f i rs t  type of 

C02 + H20 + hv (CH20) + 02 

Human metabolism, Qn the other hand, involves the oxidation of c e l l  
material  with atmospheria oxygen t o  obtain needed energy and the accompanying 
release of C02 and H20 as waste products. 

The second biochemtcal reaction, which i s  much l e s s  familiar, combines 
the  e lec t ro lys i s  of H20 t o  produce oxygen with the  chemosynthetic reduction 
of carbon dioxide by hydrogen-f ixing bacter ia  : 

F i r s t  hydrogen and oxygen a r e  combined t o  obtain energy; then C02 i s  
reduced t o  form c e l l  material .  
systems require energy inputs t o  reduce C02. In  the photosynthetic system, 
the pigment chlorophyll a t raps  v i s ib l e  l i g h t  energy t o  carry out the  reduc- 
t ion;  energy i s  obtained-by the oxidation of hydrogen i n  the chemosynthetic 

Both the  photosynthetic and the chemosynthetic 
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one. I n  e i t he r  system the  organism i s  a po ten t ia l  food source f o r  man and 
a l so  a po ten t ia l  waste disposal  system f o r  urine and feces.  

- - 
w- 

3 9 zoo 
w 

5 3 100 

LL: 3 

Phytosynthetic organisms under study a r e  algae and several  types of vas- 
cular  p lan t s .  
Anacystis and the l a t t e r ,  duckweed, le t tuce ,  endive, Chinese cabbage, and 
sugar cane. Plant t i s sue  cultures have a l so  received a t tent ion.  Research on 
chemosynthetic organisms has dea l t  mainly with species of Hydrogenomonas, 
the  hydrogen-fixing bac te r ia .  

The former include Chlorella, Synechococcus, Scenedesmus, and 

input power a r e  inversely related,  as 
would be expected. Higher levels  of 
energy a r e  l e s s  readi ly  absorbed, and, 
even i f  absorbed, cannot be used f o r  
photosynthesis because of the r a t e -  
l imit i i ib  e f fec t  of enzymatic reactions.  

- 

- 

" 0 

I 

The present bioregenerative l i f e  support systems review consolidates and 
compares the  information pertaining to gas exchange, food production, and 
waste removal f o r  each organism studied. 
regenerative l i f e  support systems served as a basis  f o r  select ing preferred 
biological  systems. 

Published research on biological  

Algae.- A great  deal  of research has been concerned with the  weight, 
volume, and power requirements of an a l g a l  photosynthetic gas exchanger. Most 
work has been done with Chlorella pyrenoidosa or Chlorella TX71105, a high 
temperature s t r a in .  C.  H. Ward's comparison of such work included estima%es 
of cul ture  volume varying from 3 to 3000 l i t e r s  per man and estimates.of 
required power ranging from 7 to 100 kW per man. 
d i f f i c u l t  because many key parameters were unrecorded, f o r  example, culture 
density, culture thickness, l i g h t  in tensi ty ,  spec t ra l  energy dis t r ibut ion,  
C02 concentration, algae species, nutr ient  media, pH, and temperature. After 
a careful  screening, nine of the  most optimum working photosynthetic gas 
exchangers were selected and t h e i r  data a re  plot ted  i n  f igure  5 .  

Comparison of these data i s  

400 r 

2 L L  300 

Data i s  r e s t r i c t ed  to Chlorella, 
with one exception. Culture volume and 

Continuously growing cultures of 
uniform photosynthetic quotients (PQ = 

Chlorella pyrenoidosa have produced 
C02/02) f o r  as long as 180 days. 



Contamination of an a l g a l  culture with bacter ia  or other organisms has been 
shown to adversely a f f ec t  the productivity and r e l i a b i l i t y  of an a l g a l  gas 
exchanger. Ward e t  a l .  found t h a t  the presence of the bacteria,  M i m a  poly- 
morpha and Pseudomonas aeruginosa, caused a 20 percent decrease i n  a l g a l  
growth. 
three bac t e r i a l  i so l a t e s .  
i n  pH i n  the  cul ture  media and the  clumping of algae c e l l s .  
nomenon rapidly reduces 02 production. 
appears to be associated only with pure a l g a l  cul tures .  

Blasco noted a s l i gh t  inhibitory e f f ec t  on a lgalgrowth i n  two or 
Bacteria have been associated with large changes 

The l a t t e r  phe- 
Satisfactory r e l i a b i l i t y  thus far 

Studies to date have not achieved a balanced gas exchange between algae 
and man (or animal). This is not surprising, however, since no experiment i s  
recorded i n  which any attempt was made t o  control  the  human (or animal) d i e t .  
The PQ's reported f o r  algae range from 0.87 to 0.95; t h i s  i s  somewhat surpr is-  
ing since a d i e t  of t yp i ca l  algae would be expected to produce a human RQ of 
0.82 to 0.85. This discrepancy should become minimal, however, i n  a com- 
p l e t e ly  closed system i n  which algae and man provided nearly 100 percent of- 
each o ther ' s  nutrients  and cellulose w a s  recycled by incineration. 

The a b i l i t y  of algae t o  serve as a food source has been assessed from 
(1) composition of algae under a var ie ty  of environmental 

Chemical analyses indicate t ha t  algae, 
two viewpoints: 
conditions and (2)  feeding studies.  
with minimal supplementation, should po ten t ia l ly  be an excellent food. 
Chlorella pyrenoidosa, as ordinar i ly  grown, has an apparent composition of 
40 t o  60 percent protein,  10 t o  20 percent f a t ,  5 'co 10 percent ash, and approx- 
imately 20 percent carbohydrate on a dry weight bas is .  
"essential ' '  amino acids appears adequate with the exception of the  sul fur-  
containing amino acids,  methionine and cystine.  
ments required a r e  not s ign i f ican t  from a mass viewpoint. 

The l eve l  of 

Vitamin and mineral supple- 

Few feeding studies a r e  reported i n  which algae was as much as  20 percent 
A comprehensive large-scale human feeding experiment w a s  carr ied of the d i e t .  

out by Powell, Nevels, and McDowe11. 
mented with algae i n  amounts up to 100 g/man/day. 
symptoms, consisting of abdominal distension, increased eructat ions,  and f la t -  
ulence appeared. The dominant t a s t e  w a s  s imilar  t o  b i t t e r  spinach or strong 
green tea, although subjects became accustomed to the f lavor .  
levels  above 100 cm/day, these symptoms increased along w i t h  nausea, and i n  
some subjects,  diffuse abdominal pain, vomiting, malaise, and headache. 
Stools became bulky and dry. Only t w o  of four subjects were able to ingest 
500 g of algae as the  only food source and not without symptoms. Physical 
examinations f a i l ed  to show abnormalities other than those associated with the 
gas t ro in tes t ina l  t r a c t .  

A l l  subjects to lera ted d i e t s  supple- 
Some gas t ro in tes t ina l  

A t  feeding 

The gas t ro in tes t ina l  symptoms may be due to toxins produced by bacter ia  
or algae. Extraction of carotenes, chlorophylls, and xanthrophylls leaves a 
more digest ib le  product. 
c e l l  w a l l .  The ce l l u l a r  membrane often remains i n t ac t  when dried algae i s  
consumed and stools appear green i n  color. Attempts to increase d iges t i b i l i t y  
of algae c e l l s  have led to enzyme studies to break the a l g a l  c e l l  w a l l .  Feed- 
ing amylase or pectinase increased d iges t i b i l i t y .  More studies on the  

Poor d i g e s t i b i l i t y  of algae may be due t o  i t s  tough 
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nut r i t ive  value of algae a r e  required. O f  f irst  importance a re  studies t h a t  
would lead t o  improved acceptabi l i ty  and d i g e s t i b i l i t y  when algae comprise a 
large percentage of man's d i e t .  

Waste recovery processes coupled with an a l g a l  photosynthetic gas 
exchanger t h a t  have been studied include incineration, electrochemical degra- 
dation, aerobic digestion, anaerobic digestion, and d i rec t  a l g a l  u t i l i z a t i on .  
A l l  of these methods can be used successfully with algae, but  incinerat ion or 
aerobic digestion of so l id  wastes appears most desirable from engineering 
considerations. Direct u t i l i z a t i o n  of urine i s  possible i f  periodic treatment 
of the  nutr ient  f l u i d  removes the  buildup of t race  substances not u t i l i zed ,  
f o r  example, a l lantoin ,  creatinine,  and hippuric acid.  

Hydrogenomonas.- A few years ago, it became obvious t o  many that the  high 
power requirement of algae and other photosynthetic systems, or the  a l t e r -  
native high weight of apparatus necessary t o  the  use of natura l  l i gh t ,  was 
l ike ly  t o  l i m i t  the  usefulness of such systems f o r  space f l i g h t .  An attempt 
was made t o  f ind an organism that more e f f i c i en t ly  uses i t s  power. A s  men- 
tioned i n  the  previous section, algae have a theore t ica l  maximum efficiency 
of 20 percent re la t ive  t o  l i g h t  absorbed, but the  most e f f i c i en t  e l e c t r i c  t o  
l i g h t  energy conversion currently available is  a l so  20 percent so t h a t  4 per-  
cent i s  the  net  maximum efficiency achievable. I n  practice,  it i s  believed 
that about 2 percent eff iciency i s  the  bes t  r e a l i s t i c  estimate f o r  the  fore-  
seeable future .  

From a number of candidate bacter ia ,  l3ydrogenomonas was selected.and has 
been studied under NASA auspices f o r  the  last three  years i n  half  a dozen 
laboratories.  Hydrogenomonas reduces C02, producing c e l l  material  and H20; 
the energy f o r  t h i s  reduction is obtained by the  oxidation of hydrogen with 
molecular oxygen. Therefore, t h i s  b iological  system functions d i r ec t l y  as a 
C02 reducer only. 
another system, t h a t  is,  e lec t ro lys i s  of water. An integrated system can be 
wri t ten  as follows : 

Oxygen for man and the  bacterium must be obtained by 

6 ~ 2 0  e l e  c t r i c a l  energy + 

Equation (16) represents an idealized net  reaction performed by 
Hydrog&omonas -and sh-ms the  u t i l i z a t i o n  of s i x  hydrogen molecules and two 
oxygen molecules t o  reduce one molecule of C02 t o  c e l l  material .  Man's oxi-  
dation of food with oxygen t o  produce C02 i s  shown i n  equation (17). 
input cf energy t o  s p l i t  water t o  produce the oxygen and hydrogen required i n  
equations (16) and (1.7) is  shown i n  equation (18). 
idealized s i t ua t i on  f o r  a closed system using man and IIydrogenomonas. 

The 

This balanced system is an 

It appear$ t h a t  the  eff iciency of the Hydrogenomonas i s  over 40 percent.  
Current prediat ions are t h a t  the  e lec t ro lys i s  of water i n  space can be accorn- 
pl ished with about 75 percent eff iciency f o r  a net  eff iciency of over 
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30 percent or over 15 times the eff iciency of photosynthetic systems. 
t h i s  advantage is substantial ,  the  results of t h i s  study indicate t h a t  the  
major savings a r e  not d i r ec t l y  re la ted t o  the  reduced power requirement of 
Hydrogenomonas, but  a r e  a r e su l t  of the  immensely greater  ease of d i s t r ibu t ing  
the power. The high f ixed weight of the  a l g a l  system - t h a t  is, large cul ture  
volume, high weight of containers due t o  the necessity of achieving a large 
surface area, and high weight of l i gh t s  and associated apparatus - a r e  a l l  
due t o  the  d i f f i c u l t y  of d i s t r ibu t ing  the energy t o  the  algae. 
bution, on the  other hand, i s  a simple matter with Hydrogenomonas. Bongers 
has estimated from the  dry weight of c e l l s  produced during a &-hour period 
that ,  f o r  a Hydrogenomonas system, 10 t o  15 l i t e r s  of culture a r e  required t o  
reduce the  C02 produced by one man, and 1 kW of e l e c t r i c i t y  is required f o r  
the e lec t ro lys i s  of water t o  produce the  oxygen required by one man and the  
hydrogen and oxygen required by the  Hydrogenomonas system t o  reduce the  COz 
produced by one man. 

While 

Energy d i s t r i -  

Hydrogenomonas has not as yet  been grown on incinerated, electrochemical, 
anaerobic or aerobic digestor products. The organism does u t i l i z e  urea as a 
sole nitrogen source. It a l so  grows on 5 to100  percent urine; gas uptake i s  
bes t  with 100 percent urine.  Much of the  information on the buildup of waste 
removal products presented f o r  an a l g a l  system applies t o  Hydrogenomonas. 
electrochemical waste removal system may be advantageous f o r  t h i s  organism. 
During e lect rolys is ,  some water i s  s p l i t  in to  hydrogen and oxygen, which a r e  
the gases needed t o  reduce COz. 

The 

Organisms harvested from a continuous cul ture  containing an adequate 
nitrogen source were found t o  be composed largely  of prote in  with a small 
amount of l i p i d  and very l i t t l e  carbohydrate. Hydrogenomonas grown on 
ammonium chloride contained 11.4 percent t o t a l  nitrogen while c e l l s  grown on 
urea contained 13.5 percent t o t a l  nitrogen. 
approximately 70 t o  80 percent protein.  Lipid values from 0.41percent  t o  
9.37 percent have been obtained depending on the  extraction method. 
content of individual amino acids reported by Foster and Litchfield appears 
t o  be representative of other microorganisms, f o r  example, unicel lu lar  algae. 
Most of the  e s sen t i a l  amino acids a r e  present with the  exception of those 
containing su l fur .  

These values a r e  equivalent t o  

The 

The composition of Hydrogenomonas is known t o  vary grea t ly  depending on 
Low concentrations of oxygen (5 - 10 percent)  the environmental conditions. 

favor gas uptake, but  c e l l  metabolism leads t o  formation of a storage com- 
pound, poly+ -hydroxybutyric acid.  An inadequate nitrogen supply can a l so  
lead t o  an accumulation of t h i s  l i p id- l i ke  polymer. 
toxic propert ies of t h i s  compound are not known. 

The nu t r i t i ona l  and 

Very l i t t l e  is  known about the  nu t r i t i ona l  value of Hydrogenomonas. 

She has fed 

D r .  
Doris Calloway a t  the  University of California i n  Berkeley has worked and is 
currently working on the  biological  value of the  bacterium. 
Hydrogenomonas as a sole  source of prote in  t o  weanling rats. Boiled c e l l s  
yielded 93 percent nitrogen absorption and sonicated ce l l s  94 percent com- 
pared t o  a 99 percent casein control .  Thus, the  development of processing 
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procedures to make cell constituents available for food does not appear 
necessary. The protein quality seemed comparable to that of the casein 
control. 

Few serious problems have been identified with the use of a Hydrogen- 
omonas life support system for space flight, but the limited amount of work 
accomplished in this area leaves numerous problems unsettled. 
have only just begun; long-term reliability is a complete question mark. It 
is encouraging, however, that Hydrogenomonas systems appear quite profitable 
for one-year missions if even 20 percent of the cell material can be used as 
food, whereas algal systems appear useful for two-year missions only if 
almost 100 percent of the cell material is consumed as food. 

Feeding studies 

Vascular plants. - Higher green plants possessing leaves, stems, and 
roo t s  have been considered as components of a photosynthetic gas exchange 
system. Their primary advantage might be in ease of gas exchange. These 
plants are aerial in growth habit with $heir leaves (site of the photosyn- 
thetic apparatus) in direct contact with their gas environment. 
vascular plants would eliminate the problem of obtaining adequate gas exchange 
between a gas and a liquid interphase as is necessary in the two other general 
systems under consideration (photosynthetic -algal and chemosynthetic - 
Hydrogenomonas). 

Use of 

The greatest disadvantage of these systems is the problem of automation. 
Automation of all the vascular plant systems would be difficult if not 
impossible and woulcL, therefore, require considerable man hours for operation 
and maintenance. 

Moss investigated the oxygen production of sugar cane leaves. 
culty of illuminating all surfaces of the leaves of a growing plant greatly 
decrease the yield of the system. The cabbage, endive, and tampala systems 
investigated by Boeing Co. (1962) would experience the same problems. 
cultures of photosynthetic tissues, rose stem, tomato stem, and bracken 
gametophyte require a complex organic medium and sterile conditions. 

The diffi- 

Tissue 

The best representative of the vascular plants for a photosynthetic gas 
exchanger are members of the Lemnaceae. 
structure with roots projecting directly from the leaf. Members of the 
Spirodela, -2 Lema and Wolffia have been studied. 

These are greatly simplified in 

The leaves of airodela spread on the liquid surface by surface tension. 
Their upper surface is in direct contact with the gas phase. If proper 
circulation is maintained in the system, a C02 partial pressure of 0.2 mm Hg 
should be sufficient to maintain optimum growth. Most studies report a 
concentration of 1 t o  5 percent COz in the environment. The duckweed system 
eliminates the problem of a gas-liquid interphase exchange for both C 0 2  and 
oxygen, 

In a weightless environment, supply of liquid nutrients to the duckweed 
could be a major design and maintenance problem. Use of a solid inert matrix, 
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such as f i l t e r  paper or vermiculite, would solve f r e e  water problems, but  
would create problems i n  harvesting and accumulation of undesirable products 
i n  the  so l id  material .  

W i l k s  estimates t h a t  a one-man duckweed system would involve 75 t o  100 
l i t e r s  of culture medium, a volume of 25 t o  50 ft3, and 25 kW of power. 

Very l i t t l e  work has been done on the waste removal capabi l i t i es  of 
duckweed or other vascular p lants .  
nitrogen source. 

Spirodela does grow w i t h  urea as a sole  
It is  expected tha t  the  same problems mentioned f o r  a l g a l  

waste removal w i l l  be encountered i n  duckweed. 

Chemical analyses of Spirodela polynhiza c e l l s  indicate the  pos s ib i l i t y  
of feeding the  organism as  a sole  source of nutr ients  i n  sustaining the l i f e  
of an animal. 
ash 13 percent, and carbohydrate 39 percent.  
mineral determinations have also been carried out which indicate an adequate 
supply. Duckweed c e l l s  a r e  eas i ly  ruiptured. This should a i d  the human i n  
digesting the  c e l l s .  
weed t o  humans. 
no weight loss. 
dela) died. 
31 days survived. 

Protein i s  33.0 percent, f a t  5.3 percent, f i b e r  4.9 percent, 
Some vitamin, amino acid, and 

No experiments have been reported on the feeding of duck- 
Adult mice fed duckweed (Wolffia) f o r  31 days survived with 
Four weanling rats fed a d i e t  of 100 percent duckweed (Spiro- 

Four adul t  mice fed Spirodela plus 20 percent paraff in  f o r  

Generally, on the  bas i s  of the evidence a t  hand, no vascular p lant  
system appears t o  be as  re l i ab le  as  an a l g a l  system and the l i gh t e s t  weight 
system appears t o  be a t  bes t  as  heavy as an a l g a l  system. 

The U s e  of Natural Light f o r  Algae Illumination 

For many years the statement has appeared i n  the  l i t e r a t u r e  t h a t  the  
e f f i c i en t  u t i l i z a t i o n  of na tura l  l i g h t  i n  space would make a l g a l  or other 
photosynthetic systems much more a t t r ac t i ve .  Because, a t  the  beginning of 
t h i s  study, it was considered a possibly determining fac tor  f o r  b iological  
system evaluation, the  use of natura l  l i g h t  f o r  algae illumination was  
investigated i n  some d e t a i l .  The r e su l t s  may be summarized b r i e f ly  by 
saying t h a t  the  use of natura l  l i g h t  seems t o  reduce the power penalty f o r  
a lga l  systems t o  about 200 l b  per man. Photosynthetic systems studied were 

so heavy otherwise t ha t  such a reduction i n  
power penalty did not change the overal l  rat- 
ing of the photosynthetic system re l a t i ve  t o  
Hydrogenomonas or physicochemical systems. 
I n  addition, re la t ive ly  few space missions 
include constant ava i l ab i l i t y  of natura l  
l i g h t .  

PARTIALLY 

MIRRORS 
SILVERED Figure 6 shows a typ ica l  concept f o r  

the use of natura l  l i g h t  i n  space. 
l ec tor  focuses l i g h t  on a window, and 

A col-  

Figure 6.- A concept f o r  the use of natural 
l ight  for algal systems. 



oriented, p a r t i a l l y  s i lvered mirrors d i s t r i bu t e  the  l i g h t  to algae beds. 
more complicated system would be necessary f o r  a rota t ing vehicle. 

A 

M i s  s ion  

Earth, 10 men 
Earth, 100 men 
Mars, 10 men 
Mars, 100 men 

A r t i f i c i a l  l i g h t  Natural l i g h t  
Direct window Collector, 60:i r a t i o  

Window 
area, f t2  Window 2 Weight, l b  area, f t  Weight, l b  Weight, l b  

(including power) 

4,540 2,500 260 1,055 so0 
32,700 25, ooo 2,600 12,000 8,000 
4,540 7,500 650 1,700 2,000 
32,700 75 , 000 6,500 19,000 20,000 

I 

Columns 4 and 5 show the weights and col lector  areas required f o r  the  
concept i l l u s t r a t e d  i n  f igure  6, which requires only moderate or ienta t ion of 
the vehicle. 
col lector  upon a window. 
l i gh t e r  and l e s s  r e s t r i c t i v e  upon vehicle design but  suffers  from the question- 
able r e l i a b i l i t y  of the col lector  mechanism. 

The values shown assume a 60 t o  1 concentration of energy by the 
The l a t t e r  system seems preferable since it is 

Values shown f o r  Mars missions a r e  based on the decreased so la r  f lux  a t  
Mars. 
decrease i n  f lux  since a much smaller proportion of t h i s  system is  affected by 
the s i ze  of the ex te r io r  f lux.  

The col lector  concept suffers  l e s s  than the window concept from t h i s  

The values shown f o r  Earth missions a re  based on continuous ava i l ab i l i t y  
of sunlight .  
Earth o r b i t a l  missions would require about twice the values shown, assuming 
intermittent  l i g h t  would be acceptable. 
twice the  values f o r  Earth i f  14 days storage of algae i n  the  dormant stage 
and 14 days accumulation of urine, CO2, and oxygen proved practicable.  The 
most obvious application, t ha t  is ,  the  Mars mission, involves the smallest, 
but s t i l l  considerable, savings. 

This, of course, i s  not possible f o r  any p rac t i ca l  mission. 

Lunar bases would a l so  require about 
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Less Studied Candidates for Microbial Life Support Systems 

This portion of the study involved the examination of three CO- 
metabolizing bacteria; a dozen autotrophic bacteria capable of CO, fixation 
including aerobes and anaerobes, photosynthetic and nonphotosynthetic; sev- 
eral methane-oxidizing bacteria; one acetylene-utilizing bacterium; several 
yeasts and bacteria that utilize glycerol or fructose; and petroleum- 
metabolizing microbes. 

While the results of this part of the study did not lead to any specific 
research and development recommendations, they did uncover some possibilities 
that were interesting enough to merit further analytical inquiry. It must be 
understood that a vast number of microorganisms can be identified that might 
be useful for spacecraft life support. It is of the nature of such microbial 
systems that the advantages or possible advantages are relatively apparent 
while the disadvantages generally require a great deal of painstaking research 
before becoming evident. 

From this survey it is generally concluded that it would be desirable to 
study in more depth the microbiological utilization of glycerol, glyceralde- 
hyde, and methane. Special consideration must be given to growth conditions, 
amount of growth, and generation times. The literature reviewed lacked infor- 
mation of this type. Consideration should also be given to the possibility 
of adaption or mutation of an organism to the conversion of the substrate. 
Candidate organisms must be considered as possible food sources. 
time, a more comprehensive survey of microbes for space use if recommended 
before the start of any new research program. 

At this 

Biological Systems Analysis 

The state-of-the-art survey and subsequent study of biological systems 
resulted in the identification of the candidate approaches and the establish- 
ment of system requirements for the algal, Hydrogenomonas, and duckweed 
systems. Conceptual designs of these systems were accomplished to serve as a 
basis for weight, volume, and power estimates. 
requirements, descriptions, and characteristics of the algal, Hydrogenomonas, 
and duckweed systems. 
this report. 

This section presents the 

Values for a 10-man, one-year mission only are given in 

Algae system.- The algal system requirements established during the 
state-of-the-art review are as follows: 

Algae required as food 
Algae culture volume 
Culture density 
Artificial lighting power 
Gulture temperature 
Culture thickness 
Culture growth rate 
Harvesting 
Culture bleed rate 

600 g dry wt/man-day 
100 liters/man 
2.5 g dry wtlliter 
7 kW/man 
24O to 28'~ 
1 em (both sides lighted) 
2.5 g dry wt/liter day 
3 times/day 
10 liters/day 



Subsystem tradeoffs were conducted to compare the algal pwrrping system 
and the Algatron as gas exchange and light exposure concepts, and incineration 
and activated sludge as waste processing systems. 

The algae pwrrping system was somewhat superior and is shown in figure 7 
along with a system for processing algae for consumption. The algae pump 

circulates the algae culture through the WATER SEPhRAlOR COOLAW PRESSURE 

C P I N  AIR 

PRESSURE RVIULUTOR 

-CABUI AIR 

Lokt TO WPTER RECLAYITION UNIT 

Figure 7.- Schematic diagram of algae system. 

gas exchange chamber and the light expo- 
sure panel. 
the algae absorbs COz from and releases 
oxygen to the cabin air. As the algae 
passes through the light chamber, energy 
is transmitted from fluorescent lights 
to the algae. As culture density 
increases to a prescribed level as a 
result of cell growth, the light inten- 
sity control energizes the harvesting 
valve and discharges algae culture to the 
harvesting tank. Cabin gas is circulated 
through the gas exchange chamber by a 

In the gas exchange chamber, 

compressor. 
exchanger passes through a heat exchanger and liquid-gas separator to remove 
excess moisture before returning to the cabin. 
chamber separates the algae cells and nutrient. The algae is transferred to 
the food processing unit by the harvest probe and the nutrient is returned to 
the algae circulation loop. A portion of $he algae nutrient is bled to the 
water reclamation unit to remove contaminants that would otherwise build up 
in the circulation system. 
introduced into the system to maintain the required nutrient composition. 

The oxygen rich, COZ-free, saturated gaseous effluent of the gas 

The centrifugal harvesting 

Makeup nutrient and urine are automatically 

Engineering calculations were based on the system requirements presented 
previously and the system schematic, figure 7. 
volume, and power estimates are presented by table X. The components dis- 
cussed above are listed as well as a water reclamation unit to process the 
constant culture bleed, a one-day urine storage tank, a heat exchanger and 
gas-liquid separator, a nutrient makeup supply, piping and controls, and the 
initial culture charge. 

The algae-system-weight, 

- 
The incineration waste-handling system was selected because it is more 

predictable and it offers some weight, volume, and power savings. 
lems of integrating these waste systems with a biological food-producing 
organism must be defined before a definite choice can be made. 

The prob- 

Hydrogenomonas system.- The uses of Hydrogenomonas in a life support 
system were analyzed to establish the system requirements, the methods of 
meeting these requirements, and the weight, volume, and power characteristics 
of the  system. 
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T'U X.- ALGAL PUMPING-SYSTEM WEIGHT, VOLUME, AND POWER SUMMARY 

[ Ten-man, one -year mission] 

Subsys tem Weight, lb Volume, ft3 Power, W 
Gas transfer 1660 191 2600 

Cab in air compress or 100 1.0 1400 
6 .o --- Gas exchange chamber 50 

Light panel 1200 180.0 
H-X and separator 50 05 
Cooling fan 60 1.0 1200 
Spares 200 2.5 

--- 

--- 
Algae circulation 3100 5 .o 2700 
Algae P W  200 2.0 2650 
Water reclamation 
unit penalty 50 *2 50 

Urine tank 30 1.0 
Nutrient makeup 20 -2 
Nutrient charge 2600 --- --- 
Spares 200 1.6 --- 

Lighting 1130 175 -5 70, ooo 
Light and ballast 800 170.0 70,000 
Spare 3 30 5 -5 

Harvesting 250 2.5 700 
Harvest tanLC 100 1.0 5 50 
Piping and control 100 1.0 15 0 
Spares 50 -5 

Total 6140 374.0 76,000 

--- 
- -- 

--- 

--- 
- 

System requirements.- 

Hydrogenomonas required as food 
Culture volume 10.6 liters/man 

586 g dry wt/man-day 

Culture density 
C02 consumption 
Gas consumption ratio 
Cell growth rate 
Harvesting rate 

10 g/liter 
94 g/liter day 
6 ~ 2  202 : 1~02 
23 percent/hr 
3 times/day 

The Hydrogenomonas system is shown schematically in figure 8. 
Hydrogenomonas consumes hydrogen, oxygen, and CO2 and produces cell material 
and water, phase separation problems associated with gas exchange can be 

Because 



eliminated. A closed cul ture  chamber is  
used and hydrogen, oxygen, and C02 under 
pressure a r e  supplied t o  the  chamber. 
The flow of gases t o  the  chamber is  con- 
t r o l l e d  by p a r t i a l  pressure sensors t o  

COLECW maintain fixed H2, 02, and C02 concen- 
t ra t ions  i n  the  chamber. 
cul ture  medium a r e  mixed by a paddle and 
ba f f l e  arrangement i n  the  chamber to 
maximize gas diffusion in to  the  l iquid .  

*CIKWM The hydrogen and oxygen gases a r e  sup- 
p l ied  by a water e lec t ro lys i s  c e l l  and 
the  C02 i s  removed from the cabin a i r  by 

paddles a r e  a l so  used t o  del iver  

URlYf 

TMx 
The gases and 

m V N E  

Figure 8. - Schematic diagram of Hydrogenamonas system. a co2 removal device * The mixing Chamber 

Hydrogenomonas and nutr ient  t o  the  harvest tank where centr i fugal  ac t ion i s  
used t o  separate c e l l  material from the nutr ient .  
ves t  tank i s  processed i n  the water reclamation u n i t  t o  remove any undersir-  
able compounds which might otherwise bui ld  up i n  the culture chamber. 
reclaimed water is  used i n  the water e lec t ro lys i s  c e l l .  
un i t  waste water i s  delivered t o  an incinerat ion un i t .  
urine a r e  supplied t o  the mixing chamber during harvesting t o  maintain the 
required culture medium composition. 

The nutr ient  from the  har- 

The 
The water reclamation 

Nutrient makeup and 

For the  required 10.6 l i t e r s  of culture medium per  man, and allowing for 
the gas volume and chamber mixing blades and baffles, a growth chamber volume 
of 1 f t3  was used. 
The water reclamation un i t  w a s  s i zed  t o  handle t h i s  quantity of water. The 

The water produced by the  H&drogenom&as i s  4.5 lb/man-day. 

harvest tank, ur ine  tank, and the  nutr ient  makeup tank were"sized i n  the  same 
manner as the  algae system uni t s .  
and power f o r  a 10-man, one-year mission a r e  shown i n  t ab le  X I .  

The Hydrogenomonas system weight, volume, 

TABLE XI.- HYDROGENOMONAS SYSTEN WEIGHT, VOLUME, AND POWER S W R Y  
[Ten-man, one-year mission] 

-~ - 
Equipment Weight, l b  Volume, f t3  Power, W 

Mixing e m b e r  with 
sensors, controls,  and 
i n i t i a l  culture charge 770 11.0 850 

Harvest tank 100 1.0 5 50 
.6 --- Urine tank 30 

Nutrient makeup tank 20 .2 --- 
Water reclamation u n i t  100 3.0 100 

.8 --* Water storage tank 30 
02 surge tank 20 .4  
H2 surge tank 30 .6 
Piping and control  100 .4 150 

Total  1200 18 .o 1650 

--- 
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Duckweed system.- The characteristics of a duckweed life support system 
were established to compare this concept with other approaches to life support. 

System requirements. - The following requirements were used to analyze 
the system. 

Duckweed required as food 
Culture light exposure area 
Lighting power input 7 kW/man 
Culture temperature 
Harvesting Continuous 

844 g d q  wt/man-day 
120 ft2/man 

7 5 O  to 85' F 

The duckweed system is shown schematically in figure 9. The culture 
panel is a hydrophilic sponge material reinforced with wire mesh stainless 

HARYESTING 
BLOWER 

FROM URINE 
COLLECTION 

URINE 
STORACE 
811; 

M E R  SEPARAIOR 

IO CABIN 
BLOWER w COOLAHI IO WATER 

S IO R A G E 

OUClWEEO HARYESTING SYSIEY 

Figure 9. -  Schematic diagram of duckweed system. 

screen. The sponge material retains 
the liquid nutrient and the duckweed 
grows on both sides of the panel. The 
nutrient is pulled through the sponge by 
the nutrient pump. A pressure accumu- 
lator regulates the pressure on the 
sponges to keep them wet but not satu- 
rated to the point of breakthrough. An 
accumulator low-level switch activates 
the nutrient makeup valve to refill the 
accumulator. Fluorescent lights are 
equally spaced between the growth panels. 
A blower draws cabin air through the 
culture chamber to effect gas transfer 
and cooling of the panels. Water 

evaporated from the sponges is removed from the air in a heat exchanger/water 
separator unit prior to return to the cabin. 

The duckweed harvesting system is designed around a harvesting blower 
that creates the suction required to remove the duckweed from the culture 
panels. 
harvesting tank. The air passes through the removable wire basket to the 
blower and returns to the culture chamber. The duckweed trapped in the wire 
basket is removed for processing. The suction head is programmed to auto- 
matically scan the culture panel in a programmed pattern to continuously 
harvest. Each element of the duckweed system was analyzed to provide the 
required systems data. 
a 10-man, one-year mission is presented in table XII. 

A suction head picks up the duckweed and transports it by air to the 

The weight, volume, and power of a duckweed system for 



TABLE XI1 - DUCKWEED SYS"4 WEIGHT, V O L W ,  AND P O m  SUMMARY 

[Ten-man, one-year mission] 

Sys tem 
Gas circulation 

Weight, lb Volume, ft3 Power, W 
--- 560 484 

480 --- Culture chamber 345 
Blower 55 1.2 800 
H-X and separator 10 2.3 
Control and ducting 20 1.0 60 
Spare 30 -5 

Nutrient supply 4070 20.0 100 

Tank 30 
Makeup tank 20 .2 
Culture panel 3700 
Piping and control 120 1.0 
Spare 200 1.0 100 

2.0 70,000 Lighting with spare 930 
Harvesting 310 8.0 1200 
Suction head 25 .2 
Tank 100 6.0 e--  

Blower 50 1.0 800 
Timer and control 50 -2 400 
P ip ing 30 
Spare 55 .4 

--- 
--- 

.8 --- 
17.0 --- 

--- 
--- 

--- 

--- .2 
--- 

- - 
Total 5870 514.0 72,160 

CLOSED ECOLOGICAL SYSTEMS COMPARISON STUDIES 

The physicochemical, biological, and chemical synthesis of food studies 
resulted in several potentially attractive approaches to life support in each 
category, which were analyzed in detail to establish subsystem characteri8tics. 
Schematics and weight, volume, and power data were generated for the sub- 
systems. This section of the report compares these various approaches to 
life support. 

IDENTIFICATION OF CLOSED ECOLOGICAL SYSTEMS 

To compare the various candidate life support systems systematically, 
the various subsystems were combined into the following 14 total systems. 
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System No. Identification 

9 

10 
11 

12 

13 

14 

Physicochemical system A with stored food 
Physicochemical system B with stored food 
Physicochemical system B with glycerol 
Physicochemical system B with glycerol-ethanol 
Physicochemical system B with fructose 
Pwicochemical system B with frucCose-ethanol 
Algae - 100 percent for gas exchange; 100 percent food 
Algae - 100 percent for gas exchange; 50 percent food, 50 

percent stored food 
Algae - 50 percent for food and gas exchange; 50 percent 

physicochemical system B with glycerol 
Algae - 100 percent for gas exchange; 100 percent stored food 
€fydrogenomonas - 100 percent for C 0 2  reduction; 100 percent 

mdrogenomonas - 50 percent for C 0 2  reduction and food; 50 

Hydrogenomonas - 100 percent for C 0 2  reduction; 100 percent 

Duckweed - 100 percent for gas exchange; 100 percent food 

food 

percent physicochemical system B with glycerol 

stored food 

Systems 1 and 2 are the selected physicochemical systems with the 
addition of stored food. These systems are very similar to several currently 
being constructed and/or operated, and they serve as baselines for comparison 
with the less developed systems. 
chemical systems with the most promising methods of chemically synthesizing 
food. 
chemical system to cover the range of nutritional acceptability and process 
complexity. Ethanol was combined with the glycerol and fructose systems 
because a moderate mount could probably be consumed by the crew without 
untoward nutritional or pharmacological effects, and ethanol synthesis is a 
relatively simple process that could result in weight and power savings. 

Systems 3 through 6 combine the physico- 

Glycerol and fructose were individually combined with the physico- 

System 7 utilizes algae for gas exchange; that is, C 0 2  removal, C 0 2  
reduction, and oxygen generation; and as a major food supply. A small amount 
of food supplements are included to make up for deficiencies in the algae. 
System 8 was included in the com-parison studies to show the effects of adding 
stored food to an algae system. 
be used for more than 50 percent of the diet, stored food may be required. 
&cess algae grown to meet the gas exchange requirements of the system is 
dried and stored in the empty food lockers. System 9 is very similar to 8 
except that a physicochemical system provides half of the gas exchange func- 
tion and glycerol is added in place of stored food. 
in the study to find out if algae as a gas exchange system alone can compete 
with the physicochemical systems. 
the case. 

Should feeding studies show that algae cannot 

System 10 was included 

Some experimenters have claimed this to be 

System 
the dietary 
quantity of 

11 assumes that Hydrogenomonas can be used to meet nearly all of 
requirements of man. As with the algae system, only a small 
food supplements was included in this system. Systems 12 and 13 
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are Hydrogenomonas versions of systems 9 and 10. 
of adding glycerol t o  Hydrogenomonas t o  obtain possibly a more favorable diet ;  
system 13 inspects the m e r i t s  of Hydrogenomonas as a C02 reduction device 
alone. 

System 12 shows the ef fec ts  

System 14, duckweed, is  conceptually analogous t o  systems 7 and 11. 

CLOSD ECOLOGICAL SYSTEMS CWCTERISTICS 

To compare the 14 systems, detai led weight, volume, and power data were 
compiled a t  the subsystem leve l  and totaled t o  obtain values f o r  the complete 
systems. Each system w a s  configured t o  include a l l  the equipment and expend- 
ables required t o  process man's wastes and provide potable water, food, and 
oxygen. 
included, f o r  exawple, personal hygiene provisions, pressure su i t s ,  s u i t  pres - 
sure control and vent i la t ion  equipment, wash water reclamation, waste col lec-  
t ion  equipment, radiat ion protection, personal effects ,  and emergency 
equipment. 

Certain l i f e  support equipment common t o  a l l  systems were not 

Pr ior  t o  assessing subsystem weight, volume, and power, system mass 
balances were made t o  es tab l i sh  the methods t o  be used i n  handling a l l m a t e -  
rials and t o  provide data on the quantity of materials each piece of equipment 
must process. Figures 10 and 11 present the mass balances f o r  systems 3 and 

GLYMROL I30 

1.39 
ML MYLRS IN IbAon 

I I 

I I 02 
ALL NUMBERS IN Iblmon-day I .9T 

Figure 10.- Wss balance - physicochemical 
system B with glycerol. 

Figure 11. - Mass balance - J3ydrogenomonas. 

11, respectively. Mass balances f o r  these systems are  shown as examples 
because they ranked f i r s t  and second i n  system comparison s tudies .  The first 
s tep i n  preparing the  mass balances was the analysis of the d i e t  associated 
w i t h  each system t o  establ ish the  quantity of each food constituent needed t o  
achieve the required 2800 kcal/man-day, and the oxygen consumed and CO2 and 
water produced i n  metabolizing each consti tuent.  
was  then made t o  es tabl i sh  water input. For t h i s  balance, a urine production 
of 3.2 lb/man-day and an evaporative loss  of 3.83 lb/man-day were assumed f o r  
a l l  systems. 

A mass balance f o r  the  man 

Fecal production rates varied depending on the d i e t .  

The system process balances were as established by the analysis con- 
ducted on each subsystem presented i n  the preceding sections of t h i s  report .  

112 



Tables X I 1 1  and X I V  present the weight, volume, power, and qual i ta t ive  
assessments of r e l i a b i l i t y ,  maintainability, safety,  cost, and development 
e f fo r t  f o r  the Hydrogenomonas and glycerol systems f o r  a crew of 10 men on a 
one-year mission. 
systems f o r  missions of 10-man, one-year and lOO-man, three-year. 

Similar system summary data were prepared f o r  a l l  14 

The C 0 2  removal, C02 reduction, 02 generation, contaminant control, water 
reclamation, and waste processing data are obtained from curves presented i n  
the midterm report  and summarized i n  the physicochemical section of t h i s  
report. The absolute values l i s t e d  i n  the system summary tables  may d i f f e r  
from the  referenced material  because the  curves a r e  based on subsystems 
required t o  handle a l l  of man's waste products whereas the system mass ba l-  
ances may indicate a par t icu lar  subsystem need only handle a portion of the  
load. For exarrrple, the water e lec t ro lys is  c e l l  of system 1 need only produce 
75 percent of man's oxygen because the electrodialysis  CO;? removal uni t  pro- 
duces enough oxygen t o  make up the  difference and supply the oxygen t o  the 
incinerator.  
compared with the system swnmary tables  because the electrodialysis  CO, 
removal system has been credited f o r  oxygen production and the Bosch and 
Sabatier CO2 reduction systems have been penalized because they require elec-  
t ro lys i s  t o  produce oxygen. These credi t s  and penal t ies  were used t o  allow 
comparison of subsystem data on a common bas is .  The tables  i n  the section, 
however, follow the m a s s  balances and l i s t  the subsystem weight, volume, and 
power tha t  correspond t o  the ac tua l  loading condition. 

I n  addition, some of the referenced data cannot be d i r ec t ly  

The weight of stored food w a s  calculated based on the mass balances plus 
an allowance f o r  packaging and storage. 
tankage, valves, supply l ines ,  and i n i t i a l  charge. Thermal control estimates 
were based on the t o t a l  e l e c t r i c a l  power consumption of a system plus the 
metabolic load. Glycerol, fructose, and ethanol data were taken from sub- 
system studies presented i n  the section on chemical synthesis of food. 
on algae, Hydrogenomonas, and duckweed are tabulated i n  the biological  
systems section. 

Water supply was included t o  cover 

Data 

The last  column of each tab le  presents the importance given t o  a 
par t icu lar  subsystem f o r  the qual i ta t ive assessments. 
column represents the  t o t a l  number of points t h a t  can be given i n  each ra t ing  
category. 
category ( r e l i a b i l i t y ,  maintainability, e t c  . ) w a s  100. 

The number i n  t h i s  

For a l l  complete systems, the maximum point count fo r  each 

SYSTEM COMPARISON METHODS 

Tables XV and XVI  compare the  r e su l t s  fo r  10-man, one-year and 100-man, 
three-year missions. 
description of the comparison methodology w i l l  be given. 
columns present the  system number and name. 
the t o t a l  system weight, volume, and power data f o r  each system. 
through 10 present the  qual i ta t ive  assessments of r e l i a b i l i t y ,  maintain- 
ab i l i ty ,  safety,  cost,  and development e f fo r t .  Rel iab i l i ty  measures the 

Before discussing the  r e su l t s  of the comparison, a br ie f  
The first two 

The next three columns present 
Columns 6 
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re la t ive  a b i l i t y  of a system t o  provide the  required function throughout t h e  
mission. Maintainability measures the amount and type of maintenance required 
t o  keep t h i s  system i n  operation. The sa fe ty  ra t ing  indicates the  seriousness 
of a fa i lu re- f i re ,  explosion, cabin contamination, etc. 
needs of research, development, engineering, fabricat ion,  and qual i f ica t ion of 
the  system. 
e f f o r t  other than cost,  t h a t  is, probabi l i ty  of success, schedule, ava i l-  
a b i l i t y  of specia l  t a len t s ,  resources, and f a c i l i t i e s .  
i n  the  next column, is the sum of the  f i v e  rated categories. 
weight combines weight and power by applying a power penalty i n  accordance 
with a curve f i t t e d  t o  three  points,  namely, 10 kW require 100 lb/kW, 100 kW 
require 50 lb/kW, and 1000 kW require 30 lb/kW. 
the t o t a l  e l e c t r i c a l  load of the system. 
t o t a l  equivalent weight c o l m  form the  basis f o r  f i n a l  ra t ing.  
point  count, t o t a l  equivalent weight, and volume a re  weighed on a 3:3:1basis ,  
respectively. Volume i s  considered one-third as important because it is  
generally a d i r ec t  function of weight. 
t o  measure the  e f fec t s  of any extremely high or low density systems. 
numbers i n  these three  columns were established by dividing the volume numbers 
f o r  the  10-man, one-year mission by 100, as an a rb i t r a ry  s t a r t i ng  point .  The 
average of these numbers w a s  5.5, hence, the a t  the top of the vol-  
m e  ra t ing  c o l m .  
and t o t a l  equivalent weight, an average of 16.5 was established for them, 
hence, = 16.5 a t  the top of those columns. This then means t ha t  the  aver- 
age of the  numbers i n  that column must be 16.5. 
number the  average t o t a l  equivalent weight and point  count must be divided 
by t o  give 16.5. That number then provides a basis f o r  converting a l l  the  
t o t a l  equivalent weights and point  counts in to  numbers that can be compared 
t o  each other and t o  the  volume numbers all i n  the r a t i o  of 3:3:1. 
remaining problem is t o  inver t  the point  count ra t ing because high point  count 
i s  an advantage w h i l e  high t o t a l  equivalent weight and volume a r e  disadvan- 
tages. This i s  accomplished by replacing the normalized point  count numbers 
by the number (33-point count).  
the  three variables.  
count, t o t a l  equivalent weight, and volume ra t ings .  The rank column l i s t s  the 
14 systems i n  the  preferred order; low t o t a l  ra t ing numbers are best .  

Cost r e f l ec t s  t he  

The development ra t ing measures the  magnitude of the development 

The t o t a l  point  count, 
Total equivalent 

The power penalty varies with 
The three  columns following the  

The t o t a l  

It is  included i n  the  rat ings,  however, 
The 

= 5.5 
To provide three  times the importance t o  the  point  count 

It is  then determined what 

The only 

This methodology allows d i r ec t  comparison of 
The t o t a l  system ra t ing is obtained by adding the point  

SYSTEM SEIXCTION 

The system coqa r i son  r e su l t s  a r e  summarized i n  the  following l i s t .  
systems are l i s t e d  i n  order of preference as established by the  system rat ings 
presented by tables XV and XVI.  

The 



10 -Man, one -year m i  s s ion lOO-Man, three -year m i s s  ion 

* 1. Hydrogenomonas 1. 
2. Physicochemical system 2. 

3. Physicochemical system 3 .  

4. Physicochemical system 4. 

5. Photosynthetic systems 5.  

with glycerol  

with stored food 

with glycerol/ethanol 

(algae, duckweed) 

Hydrogenomonas 
Physicochemical system 

with glycerol 
Photosynthetic systems 

(algae, duckweed) 
Physicochemical system 

with g lye e ro l /e  thanol 
Physicochemical system 

with stored food 

Hydrogenomonas and glycerol  stand out as concepts t h a t  o f f e r  greater  
po t en t i a l  as food-producing systems f o r  the  missions studied. 
outlined previously i n  t h i s  report  and discussed fur ther  i n  the research 
and development problem section a r e  yet  t o  be solved. 
physicochemical system with stored food i s  r e l a t i ve ly  a t t r ac t i ve  f o r  the  
shor ter  mission of one year. Ethanol synthesis did not measure up t o  expec- 
ta t ions  f o r  e i t he r  mission, but  may s t i l l  o f f e r  some advantages as a companion 
t o  other systems. 
systems in to  t h i r d  place. It appears t ha t  unless serious problems a r e  encoun- 
tered with the Hydrogenomonas and glycerol  systems, algae and duckweed studies 
should not be accelerated. 

Many problems 

Interest ingly,  the  

A long mission i s  required t o  bring the photosynthetic 

RESEARCH AND DEVELOPMENT PROBU3MS 

On the  bas is  of the  comparison studies and the  problem areas iden t i f i ed  
during concept analysis ,  twelve research and development areas have been 
ident i f ied .  These twelve areas are considered those most desirable t o  develop 
i n  order t o  evolve an extended l i f e  support system tha t  incorporates the  
manufacture of food from wastes. These twelve areas embrace more than one 
type of system and have d i f fe ren t  p r i o r i t i e s .  
i s  based mainly on probabi l i ty  of success; however, more than one system is 
recommended f o r  invest igation f o r  three  reasons : (1) the great  uncertainty 
associated with many aspects of these systems make it very l ike ly  t h a t  fu ture  
work w i l l  reverse orders of preference shown i n  the  previous section, ( 2 )  the 
long lead time required f o r  these systems demands t ha t  i n i t i a l  work begin now 
i f  systems a re  t o  be f l ight- ready i n  the  1980's~ and (3)  i n  some areas,  
moderate expenditures can be expected t o  s e t t l e  important questions. 

The choice of systems t o  study 

BASIC PROGRAM PLAN 

The basic  program plan, presented i n  f igure  12, outlines a four-year 
Hydrogenomonas work has been emphasized research and development e f fo r t .  

because of i t s  first  order ra t ing  i n  the  system s tudies .  
cul ture  and nu t r i t ion  studies have been scheduled t o  be conducted simulta- 
neously because of t h e i r  interdependency and a re  t o  be completed i n  th ree  
years. 

The Xydrogenornonas 

The Hydrogenomonas prototype development overlaps by s i x  months the 
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Figure 12 .- Basic program schedule. 

cul ture  and nu t r i t ion  work i n  order t o  
reduce overal l  program schedule. 33.y t h i s  
time i n  the development e f for t ,  Hydrogen- 
omonas system requirements should be well  
established and the  probabil i ty of encoun- 
te r ing  serious problems during the last  
s i x  months of the culture and nu t r i t ion  
studies is re la t ive ly  small. If a l l  goes 
reasonably well, phase I11 can begin four 
years a f t e r  phase I1 go-ahead. The next 
scheduled item is  a Hydrogenomonas f l i g h t  
experiment planned t o  study Hydrogenomonas 
under weightlessness t o  look f o r  growth 
anomalies. It i s  understood tha t  current 
NASA plans include such a f l i g h t  experi-  

ment; therefore, it w a s  not included i n  the  cost estimate presented by year a t  
the bottom of f igure 12.  

Glycerol synthesis work was included i n  the  program because of i t s  
favorable ra t ing  i n  the system studies and the des i re  t o  have a backup program 
i n  case Hydrogenomonas studies show negative r e su l t s .  It i s  a l so  f e l t  t o  be 
d i s t i n c t l y  possible t h a t  a mixed d i e t  of the two w i l l  be superior t o  e i t he r  
separately. Glycerol process and glycerol  nu t r i t ion  studies a r e  included i n  
the program. The glycerol  process work is scheduled t o  begin 10 months a f t e r  
the glycerol  nu t r i t ion  work t o  allow time f o r  some ten ta t ive  conclusions 
concerning glycerol  as  a food source before process work has been carried very 
far. Such a schedule should allow the glycerol  nu t r i t ion  and process work t o  
be completed a t  approximately the same time. The glycerol  prototype develop- 
ment has not been described by a specif icat ion because it probably should not 
be funded unless serious problems a re  encountered with Hydrogenomonas. 

Research and development e f fo r t s  on the  incinerat ion and aerobic digestor 
waste-processing systems are planned t o  es tab l i sh  the bes t  method of in tegrat-  
ing them with a biological  l i f e  support system, par t i cu la r ly  H y y  
and then t o  s e l ec t  the  b e t t e r  approach f o r  fu r ther  development. The aerobic 
digestor work precedes the incinerat ion work because of the longer time 
required t o  complete the  digestor work. 
the waste processing system work as long as possible t o  provide a good def i-  
n i t ion  of the wastes t o  be processed, but  ye t  f i n i s h  t h i s  work soon enough t o  
leave ample t h e  f o r  Hydrogenomonas culture studies t h a t  use the output data 
from the  waste s tudies .  
carr ied on t o  a f l i g h t  prototype development. 
not been covered by a specif ica t ion since the process has not been selected.  

It i s  desirable t o  delay the  start of 

The selected waste-processing system should be 
This prototype development has 

Ethanol development has been included i n  the basic program plan because 
there is a strong likelihood tha t  glycerol  cannot be used as  a source of more 
than 50 percent of the  calor ic  requirements of man, and ethanol presents a 
r e l a t i ve ly  expedient means of supplementing glycerol.  
s tudies a r e  scheduled t o  begin ea r ly  because of t h e i r  duration and the  need 
t o  answer bas ic  questions as t o  the  compatibility of glycerol and ethanol. 

The ethanol nu t r i t ion  

The ethanol process work i s  scheduled l a t e  i n  
es tabl ish  the  value of ethanol as a coqanion 

the  program t o  allow time t o  
t o  glycerol  or fructose p r io r  
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t o  conducting any process s tudies .  
the glycerol  prototype development, has not been covered by a specif icat ion.  
It should not be funded unless serious problems are encountered with 
Hydrogenomonas. 

The ethanol prototype development, l i k e  

The resolution of racemic mixtures has been included i n  the program 
because it is the key t o  the manufacture of higher sugars and other 
carbohydrates. 

HYDROGENOMONAS 

Generally, t h i s  organism has been studied only i n  very small amounts, f o r  
Substantial  inconsistencies i n  gas exchange stoichiometry a r e  example, 10 m l .  

reported. Growth requirements a r e  not well specif ied.  Nutrition studies are 
ju s t  now beginning. 
not well  delineated. 
ce r ta in ly  not solved. 
t o  begin large scale  studies.  
i s m  a r e  available, two simultaneous research programs should begin, one i n  
feeding and the other i n  growth as a function of environment. When and i f  
these two programs appear reasonably successful, probably not before two years, 
the performance of specif ic  space systems, long term r e l i a b i l i t y  and response 
t o  specif ic  space s t resses  w i l l  require study. 
problems l i s t e d  below are those necessary t o  carry a l3ydrogenomonas system t o  
f l i g h t  readiness. Such a l i s t  must be very ten ta t ive  with respect t o  a l l  but  
i n i t i a l  s tudies.  

The a b i l i t y  of rndrogenomonas t o  accept human wastes is  
Space cabin processing problems a re  hardly defined, 

A first  necessi ty is  t o  culture enough of the organism 
As  soon as su f f i c i en t  quanti t ies of the organ- 

The research and development 

A. Development of continuous cul ture  apparatus capable of producing 
Hydrogenomonas i n  large quanti t ies 

The study of growth versus environment B. 

1. Study growth ra te ,  composition, and gas production as a function of: 

Total pressure and inf lux gas composition 
Temperature and pH 
Amount and source of nitrogen, par t i cu la r ly  using urine 
Amount and source of minerals and t race  substances 

2 .  Determine e f fec t s  of recycling nutr ient  medium 

3. Determine types of contaminants and t h e i r  e f fec t s  

C .  Nutri t ion work 

1. Animal s tudies followed by human s tudies  o f :  

Dietary insufficiencies and required supplements 
Toxicity, especial ly high nucleic acid content and poly- 
p -hydroxybutyric acid  
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Diges t ib i l i ty  
Excretion products 

2.  Processing required before consumption 

D. Fl ight  system development. The main problems w i l l  include: 

G a s  feed accuracy 
Urine processing 
The feed of incinerator products 
The e f fec t s  of weightlessness and radia t ion 
Required nu t r ien t  recycling and processing 

GLYCEROL 

So far, the l i t e r a t u r e  has not revealed records of prolonged human 
feeding a t  more than 110 g/day . 
Animal work revealed problems when glycerol  consti tuted 40 t o  60 percent of 
the diet .  Osmotic problems seem basic.  Consequently, nu t r i t ion  work is 
required. Because it w i l l  probably be several  years before glycerol  nu t r i -  
t i ona l  work has produced a def ini t ive  answer, simultaneous study of process- 
ing problems i s  advocated. 
formaldehyde synthesis from CO and H2 and two a t t r ac t i ve  processes for 
glycerol  synthesis from formaldehyde. 
studied a l t e rna t ives  a r e  theore t ica l ly  capable of better r e su l t s .  

A t  t h i s  level ,  it was  apparently acceptable. 

Generally, there a r e  two a t t r ac t i ve  processes f o r  

As  might be eqec t ed ,  the two less- 

Which processes should be studied or whether a l l  four should be studied 
i s  a question of schedule and funds available.  
a r e  bas ica l ly  applicable t o  a l l  four processes. 

The problem areas given below 

A. Nutrition work, animal and human, covering: 

Maximum u t i l i z ed  s a t i s f a c t o r i l y  
Toxicity 
Diges t ib i l i ty  and absorption phenomena 
Preparation with stored food supplements 

B. Processing s tudies  including: 

Determination of equ i l ib r ia  and kinet ics  
Determination of by-products as a function of reaction conditions 
Separation of desired reactants 
Design of energy-handling techniques 
Selection and study of ca ta lys t s  
For electrochemical steps,  determination of optimum voltage, 
electrode, and current density 
Definition of e f f ec t s  of zero g upon energy and mass t rans fe r  
re qui r ement s 
Development of lightweight, r e l i ab le  equipment 
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A s  a gas exchange system, algae has been studied a t  considerable length 

Algae 
f o r  space applicat ions as well as f o r  other reasons. 
about growth as a function of environment, however, i s  s t i l l  lacking. 
has been demonstrated t o  be very nearly a complete nutr ient  f o r  humans, but 
d i g e s t i b i l i t y  problems and unpleasant taste remain formidable obstacles. 
Presently, great  drawbacks t o  the  use of algae a re  the very considerable 
power and associated equipment requirements when a r t i f i c i a l  l i g h t  is  used and 
the heavy apparatus necessary t o  provide natura l  l i gh t ;  many space missions 
involve subs tan t ia l  periods of time out of s igh t  of  the  sun. Even if  a 100- 
percent algae d i e t  proves feas ible ,  it i s  very doubtful t ha t  an algae system 
w i l l  prove more a t t r a c t i v e  than a physicochemical system carrying stored food 
for  missions of duration less  than two years unless present estimates (them- 
selves optimist ic)  of 7 kW of e l e c t r i c  power per man can be reduced. The 
standout problems with algae a r e  processing t o  increase d iges t i b i l i t y  and 
increasing the eff ic iency of power d i s t r ibu t ion  and u t i l i z a t i on .  Even though 
grave doubts ex i s t  as t o  the  app l icab i l i ty  of algae t o  space missions, the 
ava i l ab i l i t y  of more o r  l e s s  f l ight- ready systems suggest ear ly  t e s t s  of 
such systems i n  space t o  determine the nature of zero g processing problems. 

Precise information 

All of the problems l i s t e d  above under B, C, and D f o r  Hydrogenomonas 
require study with respect t o  algae a l s o .  
processing t o  increase d i g e s t i b i l i t y  i s ,  by far, the  most immediate require-  
ment. 
algae l ight ing a re :  

For algae systems, however, 

I n  addition, research and development requirements associated with 

Algae storage i n  the  dormant s t a t e  
Methods of increasing the eff iciency of e l e c t r i c  t o  l i g h t  energy 
t rans  i t i o n  
Methods of increasing the  eff iciency of l i g h t  d is t r ibut ion including 
use of f i be r  optics 
The use of col lectors  and/or mirrors t o  bring natural  l i g h t  t o  algae 

the 

The use of radioisotope -phosphor systems t o  provide algae illumination 

DUCKWEED 

Duckweed has very nearly a l l  of the  same research and development 
requirements as  algae, including the important necess i t ies  f o r  increasing 
d i g e s t i b i l i t y  and increasing the eff ic iency of power d i s t r ibu t ion  and u t i l i -  
zation. Duckweed has not been studied as long or as extensively as algae. 
Duckweed has a more uncertain prognosis than algae under weightlessness 
because of more gravity-influenced growth fac tors .  Nutrition studies with 
duckweed a re  very sparse; consequently, nu t r i t ion  studies of a more bas ic  
nature would be required a t  f irst ,  re la t ive  t o  algae. Unless duckweed is 
shown t o  be substant ia l ly  b e t t e r  than algae from a nu t r i t iona l  viewpoint, 
fu r ther  work on duckweed does not seem jus t i f i ed .  
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L I T T U  STUDIED MICROBIOLOGICAL SYSTEMS 

Although studies of t h i s  topic did  not reveal any new system tha t  seemed 
worth recommending f o r  a specif ic  research and development plan, enough 
p o s s i b i l i t i e s  were discovered to r e su l t  i n  the recommendation tha t  a two- t o  
three-man-year e f f o r t  be funded t o  survey the en t i r e  microbiological area more 
thoroughly to invest igate such topics as anaerobic and aerobic digestion of 
waste, other autotrophic organisms tha t  could be consumed as food, and the  use 
of yeasts or  bac te r ia  t o  consume glycerol  manufactured physicochemically t o  
produce food of a more acceptable and nu t r i t iona l ly  complete nature than 
glycerol.  

THFI INTEGRA.TION O F  WASTE INCINEFUITION OR AEROBIC DIGESTION 

WITH BIOLOGICAL SUBSYSM 

Incineration 

The incinerat ion of a var ie ty  of spacecraft wastes, including human f e c a l  
matter, has been studied both analyt ica l ly  and experimentally f o r  a number of 
years. Prototype models have been b u i l t  and tes ted  and many of the  f l i g h t  
system problems resolved. The work to date has been directed toward the waste- 
burning problem and methods of reducing the  weight, power, and oxygen loss 
associated with t h i s  process. 
support systems with stored food provides suf f ic ien t  s tored materials t o  allow 
venting of the  incinerat ion products without serious weight penalt ies.  
biggest s ingle  advantage of b iological  systems i s  t h a t  of po ten t ia l ly  closing 
the food loop. This po ten t ia l  can only be e f fec t ive ly  real ized by recovering 
the products of incinerat ion and using them as nutr ients  f o r  the biological  
organism. 

The use of physicochemical regenerative l i f e  

The 

The primary products of incineration, t ha t  is, GO2 and water vapor, can 
be readi ly  u t i l i z e d  by any of the  biological  organisms currently being 
considered for spacecraft applicat ion.  
compounds, such as urea and amino acids (especial ly sulpher-containing amino 
acids)  and inorganic compounds such as phosphates and oxalates, however, w i l l  
produce substances that may be toxic t o  the biological  system or man. 
incinerat ion process par t i cu la r ly  should be studied i n  greater  d e t a i l  t o  
determine the chemical products and the e f fec t s  of these products on 
Hydrogenomonas. 

The breakdown and oxidation of organic 

The 

Aerobic Digestion 

A considerable amount of work has been done t o  define the character is t ics  
of aerobic digestors.  These studies have, i n  general, defined a range of 
preferred digestion periods, waste loading factors,  and reduction of t o t a l  
sludge so l ids  and chemical oxygen demand t o  be expected i n  operating an 



aerobic digestor.  
s tudies i s  tha t  aerobic digestion does not g rea t ly  reduce the t o t a l  insoluble 
so l ids  present i n  the slurry, but  s t ab i l i ze s  the  wastes by converting biolog- 
i c a l l y  ac t ive  organic matter in to  inorganics and organic materials r e s i s t an t  
t o  decomposition. 
so l ids  can be expected. It is  then obvious that without fur ther  processing 
t h e  aerobic digestor is of l i t t l e  value t o  the  closed ecological system since 
much of the  remaining so l id  matter i s  unusable by Hydrogenomonas or algae. 
The aerobic digestor may, however, be an important first step i n  the  waste 
recovery system t o  be followed by incineration, fur ther  b iological  reduction, 
or  processing as a food supplement for  man. A program, based on t h i s  previous 
aerobic digestor work, t h a t  explores these l a t t e r  steps i n  waste processing as  
wel l  as the compatibility of the eff luent  from these processes with 
Hydrogenomonas is required. 

The most important conclusion reached i n  the previous . 

Approximately 15 t o  20 percent reduction i n  r a w  waste 

ETHANOL 

Nutrition 

The overal l  objective of the nu t r i t ion  research program is  t o  determine 
the maximum amount of ethanol t h a t  can be ingested by man fo r  a one- t o  three-  
year period, and t o  determine the var ia t ion of s ide  e f fec t s  as a function of 
frequency and manner of administration, s i ze  of dose, duration of ethanol 
feeding, and the  nature of the remainder of the d i e t .  

Since acute human thresholds f o r  pharmacologic e f fec t s  a re  presently 
ra ther  w e l l  defined, the immediate objective is t o  determine the effects ,  i f  
any, of extended feeding of subthreshold amounts. 
with t w o  or  more types of mammals and l a t e r  w i t h  human subjects.  
neously, t r ace r  experiments with animals would fur ther  elucidate the  metabolic 
pathways of ethanol. It would a l so  be desirable t o  study the compatibility of 
ethanol with glycerol, fructose, and other substances l i ke ly  t o  be present i n  
a synthetic space d i e t .  

This would be done first  
Simulta- 

Process Studies 

Previous research and development e f f o r t s  i n  ethanol production a re  
largely  proprietary, as a large and expanding market ex i s t s  f o r  t h i s  much 
used organic solvent. 
t ion,  including the Fischer-Tropsch reaction, have been reported.. For com- 
mercial scale  production, low cost is the dominant c r i t e r ion  i n  process 
selection,  so the  d i r ec t  applicat ion of these methods t o  an extended mission 
l i f e  support system i s  doubtful. In the present commercial process, about 80 
percent conversion t o  alcohols i s  obtained, but  ethanol is  only 12 percent of 
the  alcohols. In  addit ion t o  increasing the  low y ie ld  of t h i s  process, the 
separation of ethanol from the by-products presents an area f o r  development 
work. 

A t  l e a s t  seven methods f o r  i ndus t r i a l  ethanol produc- 

Present weight estimates f o r  a spacecraft ethanol synthesis system a r e  
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greater  than an equivalent glycerol  system, bu t  experimentation might ea s i l y  
y ie ld  r e su l t s  t ha t  reverse these esthates.  

THE FBSOLUTION OF RACEMIC MIXTURES 

A s  mentioned elsewhere i n  t h i s  report,  there  is a good chance t h a t  a 
simple nonoptically ac t ive  three-carbon compound, namely, glycerol, w i l l  prove 
a sa t i s fac tory  major calor ie  source. 
t e t ro se  or any more complicated carbohydrate, then it w i l l  probably be neces- 
sary t o  provide the D form, e i t he r  by asymmetric synthesis or by performing a 
resolution of a racemic mixture in to  the D and L forms since normal nonbio- 
log ica l  methods of preparation of carbohydrates resu l t ,  not i n  an opt ical ly  
act ive  form, but  i n  the racemic m i x t u r e .  
not only typ ica l  of t h i s  type of problem but would a l so  lead d i r ec t l y  t o  the 
StraightfQrward synthesis of the D form of higher carbohydrates from D 
glyceraldehyde. 

Should it prove necessary t o  provide a 

The synthesis of D glyceraldehyde i s  

O f  the  f i ve  known methods f o r  the resolution of racemic m i x t u r e s ,  the  
approach ten ta t ive ly  proposed f o r  a research program i s  the  chromatographic 
resolution. The yie lds  a r e  expected t o  be high and the  pos s ib i l i t y  of 
automating the  device is good. 

It is a l so  recornended tha t  an attempt be made a t  d i r ec t  synthesis of the 
D form of glyceraldehyde using an op t ica l ly  ac t ive  ca ta lys t .  

SUBSEQUENT PHASES 

The program plan c a l l s  f o r  the engineering, design, manufacture, assembly, 
checkout, and tes t ing  of the  closed ecological system tha t  emerges from the 
research and development phase as the  most promising f o r  use i n  manned space 
missions of one-year o r  greater  duration. 
has been planned t o  provide f l i g h t  prototype subsystems f o r  those system 
functions which manufacture food and process man's wastes. In  the case of 
Hydrogenomonas, it has been assumed t h a t  p a r a l l e l  research and development 
w i l l  provide those physicochemical subsystems required t o  accomplish the 
regeneration of perspired and expired water vapor and €he col lect ion and 
concentration of C02 .  Specifical ly,  a water e lec t ro lys i s  c e l l ,  CO2 removal 
unit, and a water reclamation device are required. 
current work on these subsystems w i l l  provide f l i g h t  prototype un i t s  by the  
conclusion of the research and development phase of t h i s  program. Additional 
subsystems w i l l  a l s o  be required t o  complete the  system, f o r  example, thermal 
control, humidity control,  contaminant removal, urine and feces collection, 
water storage and delivery, and personalhygiene. These subsystems are being 
developed as p a r t  of a physicochemical l i f e  support system currently being 
readied f o r  t es t ing  a t  NASA-Langley. The concepts used i n  the h n g l e y  system 
are, f o r  the  most par t ,  applicable t o  longer missions and therefore much of 
the development work w i l l  be of d i r ec t  value i n  the design and fabr icat ion 

The research and development phase 

It is reasonable t o  assume 



of the  longer duration system. 
subsystems with the food manufacturing subsystems w i l l  be necessary. 

However, a great  deal of integrat ion of these 

ENGINEERING (PHASE 111) 

The engineering design phase w i l l  be based on subsystem prototype 
development work. 
integrating these subsystems, t o  ident i fy  the equipment required t o  achieve 
t h i s  integration, and t o  es tabl i sh  modifications of the subsystems required 
t o  provide compatibility of design. 
engineering phase are l i s t e d  below. 

The primary problem w i l l  be t o  determine the methods of 

Specific tasks required to complete the 

Review subsystem development work to document subsystem character is t ics ,  
spec i f ic  design de ta i l s ,  and any def iciences i n  performance. 

Conduct detai led system integrat ion analysis t o  define the methods of 
integrating the subsystems, t o  match the subsystem requirements with the 
prototype subsystem capabi l i t ies ,  and t o  determine specif ic  redesign and 
new design areas .  

Accomplish the subsystem redesign and design the new system elements 
ident i f ied  i n  the previous task.  

Conduct system layout t o  determine packaging methods; subsystem group- 
ings; bracketry, e l e c t r i c a l  harness and instrumentation design, and 
plumbing routing . 
Prepare detai led drawings of a l l  system elements and assembly drawings. 

A detai led schedule and cost estimate by task has not been prepared a t  

It i s  anticipated t h a t  nine months w i l l  be 
t h i s  time because it is, of course, very dependent upon the r e su l t s  of the 
research and development phase. 
required t o  accomplish the task outlined above. 

MANUFACTURING (PHASE IV) 

The manufacturing phase of the program w i l l  be based on the engineering 
drawings and specifications prepared i n  the design phase. 
developed i n  the research and development phase can be used d i rec t ly  or 
modified f o r  use i n  the prototype ecological system. 
w i l l  not be available from t h i s  or other programs and must, therefore, be 
fabricated during t h i s  phase. It i s  ant icipated t h a t  considerable amounts 
of the  system fabricat ion w i l l  be subcontracted to organizations familiar 
with the  design, fabrication, and t e s t ing  of pa r t i cu la r  components or sub- 
systems. 
system requirements, design interfaces,  fabricat ion and assembly techniques, 
and system checkout. 

Some equipment 

Many of the subsystems 

This subcontract e f f o r t  w i l l  increase the  problems of integrating 
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The manufacturing phase w i l l  include subsystem functional  checkout, 
assembly of the integrated system and a combined systems checkout t o  demon- 
strate compliance with system requirements. 
turing phase of the  program w i l l  require 14 months. 

It is estimated tha t  the manufac- 

PROTOTYPE SYSTESI EVALUATION (PHASE V) 

The prototype ecological system i n  an environmental chamber with other 
prototype spacecraft systems i s  par t i cu la r ly  d i f f i c u l t  t o  evaluate. 
ing on the  length of such tes t ing,  the number of subjects used, the amount 
and type of monitoring required, and data reduction system employed, costs  
can vary widely. 
ing the  problem of manned system evaluation i n  an attempt t o  optimize infor-  
mation obtained and costs  required t o  obtain it. 
is very expensive; the  cost  w i l l  depend on the  sophist icat ion of the systems 
and data-handling techniques. 
w i l l  involve several  short-duration tests ranging between 2 and 30 days t o  
accomplish shakedown of the  equipment, ca l ibra t ion of instrumentation, and 
refinement of operating procedures. Long-duration t e s t s  w i l l  then follow. 

Depend- 

Langely l i f e  support systems personnel are currently study- 

Long-duration manned tes t ing  

It i s  anticipated t ha t  phase V of t h i s  program 

Detailed planning of phase V should await completion of the research 
and development and engineering phases when the  de t a i l s  of the system t o  be 
tes ted a r e  known and the objectives of the  evaluation phase can be b e t t e r  
defined. 

CONCLUSIONS 

The review of state-of - the-art and proposed physicochemical and 
biological  systems, and the  subsequent analyses of these approaches t o  l i f e  
support, led  t o  a number of important conclusions. 

O f  a l l  of the  physicochemical subsystems other than food synthesis 
subsystems examined, the  g rea tes t  advantages were offered by the e lect ro-  
d ia lys i s  and l iquid  absorption GO2 removal subsystems, the  Bosch and so l id  
e lec t ro ly te  c e l l  GO2 reduction subsystems, the porous electrode-absorbent 
matrix and ion exchange membrane water e lec t ro lys i s  ce l l s ,  and the  waste heat 
and thermoelectric vacuum waste water d i s t i l l a t i o n  un i t s .  These physico- 
chemical subsystems a re  generally much l i gh t e r  and consume less power than 
t h e i r  b iological  equivalents. 
oped physicochemical systems i s  that they do not manufacture food. 

The Rrimary drawback of the currently devel- 

The study of the  chemical synthesis of food iden t i f i es  glycerol, ethanol, 
and fructose as promising food sources considering the balance between nutr i-  
t i o n a l  requirments and process f e a s i b i l i t y .  
not def ini t ive ,  but  it is  anticipated t h a t  glycerol  can s a t i s f y  as much as 
half  of man's da i ly  ca lor ic  requirements. 
evolved during the study involves the  step-wise formation of methanol, 

Glycerol nu t r i t ion  studies a r e  

The approach t o  glycerol  synthesis 



formaldehyde, an ethanol solution of t r ioses ,  and glycerol. 
considered as an expedient means of supplementing the  glycerol d ie t .  
pharmacological e f fec t s  of ethanol can be avoided by controlling the rate of 
intake, and the  re la t ive ly  straightforward processes involved i n  the  manufac- 
ture  of ethanol from CO and H2 make it an a t t r ac t ive  candidate. 
t i ona l  acceptabi l i ty  of fructose is b e t t e r  established than that of glycerol 
or ethanol; and fructose is, perhaps, more compatible with ethanol than i s  
glycerol, bu t  the  synthesis of fructose involves the  same steps as glycerol 
plus several  more, including a d i f f i c u l t  resolution of a racemic mixture. 

Ethanol was 
The 

The nu t r i -  

The review of biological  life-support concepts included the  more studied 
algae, Hydrogenomonas, and duckweed concepts as w e l l  as concepts employing a 
number of l i t t l e  studied or unstudied biological  organisms. 
a l l  but the  three established concepts was  so meager t ha t  detailed comparisons 
of new concepts w e r e  irrrpossible. 

Information on 

Fourteen closed ecological systems comprised of various physicochemical, 
including chemical food synthesis, and biological  subsystems were compared t o  
s e l ec t  preferred systems. 
below. 

The r e su l t s  of the comparison studies are l i s ted  
Systems are l i s t e d  i n  the  order of preference. 

10-Man, One-Year Mission 100-Man, Three-Year Mission 

1. &y drogenomonas 
2. Physicochemical system 

with glycerol 
3. Physicochemical system 

with stored food 
4. Physicochemical system 

with glycerol/ethanol 
5. Photosynthetic systems 

(algae, duckweed) 

1. Hy drogenomonas 
2. Physicochemical system 

with glycerol 
3. Photosynthetic systems 

(algae, duckweed) 
4. Physicochemical system 

with glycerol/ethanol 
5. Physicochemical system 

with stored food 

Hydrogenomonas and glycerol o f fe r  sizable advantages f o r  the missions 
considered. 
t ions concerning these systems. To t h a t  end, nu t r i t ion  and growth studies 
of Hydrogenomonas and nu t r i t ion  and process studies of glycerol are recom- 
mended. 
competitive f o r  the  one-year mission, but  i s  as much as f ive  times the weight 
of other systems f o r  three-year missions. 
glycerol d id  not prove t o  be as a t t r a c t i v e  an approach as anticipated.  
ever, because ethanolprocess work has such a high probabi l i ty  of success, 
limited investigations i n  t h i s  area are recommended. 
systems suffer  the disadvantages of large weight penalt ies associated with 
l ight ing the  culture panels. Large culture volumes, l i g h t  bulbs, ballast, 
and controls add substant ia l ly  t o  the  system weight and power. 
process weight, power, and complexity resulted i n  an  unfavorable posi t ion i n  
the system comparison studies fo r  t h i s  concept. 

A research and development plan cal l ing f o r  major e f fo r t s  i n  Hydrogen- 
ornonas, glycerol, and waste processing and minor e f for t s  i n  algae nu t r i t ion  
and l ighting,  ethanol, and the  resolution of racemic mixtures was prepared. 
A basic four-year research and development program was  outlined. 

A considerable amount of work must be done t o  answer many ques- 

The physicochemical system with stored food appears re la t ive ly  

The use of ethanol t o  supplement 
How- 

The photosynthetic 

Fructose 

128 



BIBLIOGWHY 

Basic Nutri t ional  Requirements 

Conference on Nutrition i n  Space and Related Waste Problems. 
1964. 

NASA SP-70, 

Chittenden, R.: Physiological Economy i n  Nutrition with Special Reference t o  
the  Minimal Protein Requirements of the  Healthy Man: 
Study. 

An Experimental 
F. A. Stokes Co., New York, 1904. 

Hegsted, D. M.: Proteins i n  Space Nutrition. NASA SP-70, 1964, pp. 135-141. 

Sherman, H. C.: Chemistry of Food and Nutrition. Eighth ed., The Macmillan 
Co., New York, 1952, p .  29. 

Glycerol Feeding Studies 

Deichmann, W .  : Glycerol; Behavior i n  Animal Organism (Review of Literature) . 
Ind. Med., Ind.  Hyg. Sect., vol. 1, Oct. 1940, pp. 60-67. 

E l  Mofty, A.; Khattab, M.; and Abou Issa, H. M.: Glycerol Metabolism i n  Man 
i n  Health and Diabetes. 
(C.A. 56: 10800h). 

J. Chem. U. A. R . ,  vol. 4, 1961, pp. 41-53 

Gil'miyarova, F. N.: Metabolism of Free Glycerol i n  the  Animal Organism. 
T r .  Kuibyshevsk. Med. Ins t . ,  vol.  29, 1964, pp. 10-18 (C.A. 62: 8746). 

Johnson, V.; Carlson, A .  J.; and Johnson, A.: Studies on Physiological Action 
of Glycerol on Animal Organism. Am. J. Physiol. , vol. 103, March 1933, 
PP. 517-534. 

Lundquist , Frank; Tygstrup, Niels; Winkler, Kjeld; and Jensen, K. Birger : 
Glycerol Metabolism i n  the  Human Liver: Inhibi t ion by Ethanol. Science, 
vol. 130, no. 3696, Oct. 29, 1965, pp. 616-617. 

Rose, Irwin A.; Kellermeyer, R.; Stjermholm, R.; and Wood, H. G.: Distribu- 
t i o n  of C14 i n  Glycerol from Deuterated Glycer01-C~~ as a Measure of the  
Effectiveness of Triosephosphate Isomerase i n  Vivo. J. Biol.  Chem., 
vel* 237, 1962, pp-  3325-3331- 

Ethanol Feeding Studies 

Anton, A. H.: Ethanol and Urinary Catecholamines i n  Man. Clin. Pharmacol. 
Therap. , vol . 6 , July-Aug . 1965 , pp . 462-469. 

Freund, Gerhard; and O'Holloren, Paul: Acetaldehyde Concentrations i n  
Alveolar A i r  Following a Standard Dose of Ethanol i n  Man. 
vol. 6, no. 4, 1-96?, pp 471-477. 

J. Qpid Res., 

129 



Isselbacher, K. J.; and Greenberger, N. J.: Metabolic Effects  of Alcohol on 
the Liver. New Engl. J. Med. , vol. 27'0, Feb. 1964, pp . 351-356, 402. 

Keller, A .  Z.; and Terris ,  M.: The Association of Alcohol and Tobacco w i t h  
Cancer of the  Mou-bh and Pharynx. Am. J. Public Health, vol.  55p Oct. 
1965 , PP * 1578-1585 

Lanigan, M. Regina; and Anderson, K. E.: Action of Antimetabolites on the  
Growth of Desulfovibrio Desulfuricans. Sci.  Studies, S t .  Bonaventure 
Univ., vol. 21, 1963, pp. 80-98 (C.A. 60: 16248a). 

1955, P -  93. 
Magee, H. E. ,  e t  a l .  : (Symposium) Proc . Nutr . Soc . (Great Br i t a in ) ,  vol. 14, 

Tygstrup, N.; Winkler, K.; and Lundquist, F.: The Mechanism of the  Fructose 
Effect  on the  Ethanol Metabolism of the  Human Liver. J. Clin. Invest.,  
V O ~ .  44, May 1965, pp 817-830. 

Westerfield, W. W.; and Schuleman, M. P.: Metabolism and Caloric Value of 
Alcohol. J. Am. Med. Assoc., vol .  170, no. 2, May 1959, pp. 197-203. 

Fructose Feeding Studies 

Holdsworth, C.  D.; and Dawson, A .  M.: Absorption of Fructose i n  Man. Proc. 
Soc. Exptl. Biol. Med., vol. 118, Jan. 1965, pp. 142-145. 

Miller,  M.; Craig, J. W.; Drucker, W. R.; and Woodward, H., Jr.: The 
Metabolism of Fructose i n  Man. Yale J. Biol.  Med., vol .  29, Dee. 1956, 
PP. 335-360. 

Strub, I. H.; B e s t ,  W. R.; Consolazio, C.  F.; 'and Grossman, M. I. : 
Uti l iza t ion  of Intravenously Injected Fructose and Invert  Sugar i n  Normal 
Human Subjects. J. Clin. Nutrit ion, vol .  2, no. 1, Jan.-Feb. 1954, 
PP. 32-37. 

Tygstrup, N.; Winkler, K.; and Lundquist, F. : The Mechanism of the  Fructose 
Effect on the  Ethanol Metabolism of the  Human Liver. J. Clin. Invest., 
V O ~ .  44, May 1965, pp . 817-830. 

Van I ta l l ie ,  T.  B.; and Shull, K. H.: Effect of Fructose Feeding on Glucose 
Tolerance i n  Man. J. Lab. Clin. Med., vol. 50, no. 3, Sept. 1957, 
PP. 391-3990 

Winitz, M.; Graff, J.; and Seedman, D. A.: Effect of Dietary Carbohydrate on 
Serum Cholesterol Levels. Arch. Biochem. Biophys., vol. 108, Dec . 1964, 
PP. 576-3790 



M i  sc e l lane  ou s Nutr i t ional  Topics 

Recommended Dietary Allowances. NAS-NRC Pub. 1146, Sixth rev. ed., 1964. 

Catheart, E. P.; and Markowitz, J.: The Influence of Various Sugars on the 
Respiratory Quotient. 
t o ry  Quotient. 

A Contribution t o  the  Significance of the  Respira- 
J. Physiol., vol. 63, 1927, pp . 309-324. 

Cori, Carl F.; and Cori, Gerty T.: The Fate of Sugar i n  the  Animal Body. 
VIII. The Influence of Insul in  of the  Ut i l iza t ion  of Glucose, Fructose, 
and Dihydroxyacetone. J. Biol.  Chem.,  vol. 76, 1928, pp. 755-795. 

Drews ,  J.; and Fb'lsch, E. : Hemmung des Glycineinbaus i n  Tumorzellprotein 
durch Glycerenaldehyd . N a t u r w i s s  . , vo l  . 51, 1964, pp . 440-441. 

Grieshaber, H.: Beitrag zum Verhalten der Sorbose i m  Stoffioechsel; die  
Resorption und Ausscheidung der Sorbose und t h i e  Wirkung auf Blutund 
Harnzucker. Z. Klin. Med., vol.  129, 1936, pp. 412-422. 

Hall, W .  K.; Doty, J. R.; and Eaton, A .  G.:  The Availabi l i ty  of dl-threonine 
and dl-allothreonine f o r  the  Formation of Carbohydrate. Am. J. Physiol., 
vol. 131, 1940, pp . 232-255. 

Lanigan, M. Regina; and Anderson, K. E.: Action of Antimetabolites on the  
Growth of Desulfovibrio Desulfuricans Sci .  Studies, S t .  Bonaventure 
Univ., vol. 21, 1963, pp. 80-98 (C.A. 60: 16248a). 

Lardy, Henry A.; Wiebelhaus, Virg i l  D.; and Mann, Kingsley M.: Mechanism by 
which Glyceraldehyde Inhib i t s  Glycolysis. J. Biol. Chem., vol. 187, 1950, 
PP* 325-3370 

McCollum, E. V.; Simmonds, N i n a ;  Shipley, P. G.; and Park, E. A.: Studies on 
Experimental Rickets. X I I .  Is There a Substance other than Fat-soluble A 
Associated w i t h  Certain Fats which Plays an Important Role i n  Bone 
Development? J. Biol. Chem., vol. 50,  1922, pp . 5-30. 

Formaldehyde Synthesis 

Akerlof, G.; and Mitchell, P.: Regeneration of Carbohydrates i n  a Closed 
Circui t  Respiratory System. Presented a t  AIAA Meeting, Los Angeles, 
May 2, 1963 

Ehell, R.  H.: Calculation of Chemical Equilibrium a t  High Pressures. Ind. 
Eng. Chem., vol .  32, 1940, pp . 147-153. 

Faith, W.; Keyes, D.; and Clark, R.: Indus t r ia l  Chemicals. Second ed., 
John Wiley and Sons, Inc., New York, 1957. 

Jones, E .; and Fowlie, G. : Thermodynamics of Formaldehyde Manufacture from 
Methanol. J. Appl. Chem. (London) , vol  3, 1953, pp . 206-313. 



Kirk, R.; and O t h e r ,  D., eds.: Encyclopedia of Chemical Technology, Vol. 9. 
Interscience, New York, 1952, pp. 31-60. 

Newton, R.  H.; and Dodge, Barnett F.: Activi ty Coefficients of Gases. 
Application t o  Calculation of Effect of Pressure on Homogeneous Chemical 
Equilibria and t o  Calculation of In tegra l  Joule-Thomson Effects.  
Eng. Chem., vol. 27, 1935, pp . 577-581. 

Ind. 

Newton, R .  H.; and Dodge, Barnett F.: The Equilibrium Between Carbon 
Monoxide, Hydrogen, Formaldehyde and Methanol. 11. The Reaction 
CO + 2H2 f CH,OH. J. Am. Chem. Soc., vol. 56, 1934, pp. 1287-1291. 

Robell, A. J.: Personal consultation with P. Van Rysselberghe, Aug. 12, 1965. 

Scholten, J., e t  al.: Kinetics and Mechanism of the  Decomposition of Formic 
Acid and of the Watergas Reaction over Alumina and Magnesia. 
I n t l .  Congress on Catalysis, North-Holland Pub. Co. (Interscience) ,  
Amsterdam, vol. 2, 1965, pp. 882-900. 

Proc. 3rd 

Shearer, R.; King, J.; and Palladino, C.:  Electrolyt ic  Production of Oxygen 
and Reduction of COz. F i r s t  Quarterly Rep., Contract No. NASr-70, MSA 
Research Corp . , Callery, Pa., Jan. 12, 1962. 

Shearer, R.; King, J.; and Palladino, 6.: Electrolyt ic  Production of Oxygen 
and Reduction of C02. 
Research Corp., Callery, Pa., Apr. 24, 1962. 

Second Quarterly Rep., Contract No. NASr-70, MSA 

Sinyan, Vy. Ye . :  The Poss ib i l i ty  of Physicochemical Synthesis of Carbohy- 
drates  i n  a Spaceship Cabin. Probl. Space Biology, vol.  3, June 29, 1964, 
pp. 401-409. 

Teeter, T. E.; and Van Rysselberghe, Pierre: Reduction of Carbon Dioxide on 
Mercury Cathodes. J. Chem. Phys., vol. 22, 1954, pp. 759-760. 

Teeter, T.; and Van Rysselberghe, P.: Reduction of Carbon Dioxide on Mercury 
Cathodes. 
Kinetics (CITCE) , Butterworths, London, 1955, pp . 538-542. 

Proc . 6 th  Meeting, I n t l .  Corn. Electrochemistry, Thermo. , and 

Walker, J.: Formaldehyde. Third ed., Reinhold, New York, 1964. 

The Chemical Synthesis of Proteinoids 

Fox, S. W.: Organic Geochemistry. Pergamon Press, New York, 1963. 

Harada, Kaoru; and Fox, Sidney W.: Thermal Synthesis of Natural Amino-Acids 
from a Postulated Primitive Terrestrial Atmosphere. Nature, vol.  201, 
no. 4917, Jan. 24, 1964, pp. 335-336. 

Miller, S. A. : Nutrit ion i n  Space and Related Waste Problems. University 
of South Florida, Tampa, Florida, 1964, p . 343. 



Miller, S. L.: Production of Some Organic Compounds Under Possible Primitive 
J. Am. Chem. SOC . , vol. 77, 1955, pp . 2351-2361. Earth Conditions. 

Miller, Stanley L.; and Urey, Harold C.: Organic Compound Synthesis on the  
Primitive Earth. Science, vol. 130, no. 3370, July 31, 1959, pp. 245-251. 

The Synthesis of Carbohydrates 

Handbook of Chemistry and Physics, 43rd ed., pp . 10-13. 

Akerlof, G. 6.; and Mitchell, P. W. : Regeneration of Carbohydrates i n  a 
Closed Circuit  Respiratory System. 
Manned Space hbora to ry  Conference, Los Angeles, C a l i f . ,  Rep. No. 63143, 
FMC Corp., May 1963. 

AIAA and Aerospace Medical Association 

Baeyer, Adolf: Ueber die Wasserentziehung und ihre Bedentung f% das 
Pflanzenleben und die  G&'hrung. Chem. Zentral., vol. 42, 1871, pp. 26-32. 

Balezin, S. A.:  The Mechanism of the  Formation of Sugars from Formaldehyde. 
J. Gen. Chem. USSR, vol.  7, 1937, pp. 2099-2115 (C.A. 32: 5032). 

Balezin, S. A.; and Surykina, E. K.: Chromatographic Method f o r  Identifying 
the Condensation Products of Formaldehyde in to  Sugars. 
Moskov. Gosudarst . Pedagog. I n s t .  im. V. I. Lenina, vol. 99, Kafredra 
Obshchei i Anal. Khim., no. 6, 1957, pp. 159-165. 

Uchenye Zapiski 

B e t t i ,  Mario; and Pratesi ,  Pretro: Optic Spl i t t ing  of Racemic Glyceralde- 
hyde. Biochem. Z. ,  vol. 274, 1964, pp . 1-3. 

Binko, Ivan; and Kolfi, Jaroslav: Trioses. Czech. Patent 92,198, Oct. 15, 
1959 (C.A. 54: 15251d). 

Breslow, R.: Mechanism of t h e  Formose Reaction. Tetrahedron k t t e r s ,  No. 21, 
1959, pp 22-26. 

I 

Cornubert, Raymond; and Peyrade, Jean: Etude des catalyseurs calciques de la 
Compt . Rend , vola 230, no. 6, saccharification d 1' ald6hyde f ormique . 

Feb . 6, 1950, pp . 600-602. 

Euler, H. V.; and Euler, A.  : Ueber d ie  Bildung von i-Arobinoketose aus 
Formaldehyd. Ber., vol. 39, 1906, pp. 45-31. 

Ewart, A .  J.: 
Water. 
Exptl. Sta. Record, vol.  43, pp. 202-203. 

The Synthesis of Sugars from Formaldehyde, Carbon Dioxide and 
Proc. Roy. SOC. Victoria, vo1. 31, no. 2, 1919, pp. 378-387; 

Fischer, E.; and Passmore, E.: Bildung von Acrose aus Formaldehyd. B e r . ,  
V O ~ .  22, 1889, pp . 359-361. 



Fischer, E.; and T a f e l ,  J.: Synthetische Versuche en der Zuckergruppe. 11. 
B e r . ,  vol. 20, 1887, pp. 384-3390. 

Fischer, H. 0. L.; and Bae r ,  Erich: Acetoneglyceraldehyde. 111. Synthesis 
of d-fructose and d-sorbose from d-glyceraldehyde or from d-glyceraldehyde 
and dihydroxyacetone. Helv. Chim. Acta, vol. 19, 1936, pp. 519-532. 

Fischer, H. 0. L.; Taube, Carl; and Baer, Erich: Crystall ized Glyceraldehyde 
and Its Conversion i n t o  Dihydroxyacetone. B e r . ,  vol .   OB, 1927, 
PP. 479-485. 

Grubhofer, N.; and Schleith,  L.: D i e  Spaltung von Racemischer &ndelsGure m i t  
einem optisch aktiven Anionenaustauscher . Hoppe-Seylers Z. Physiol. Chem., 
V O ~ .  296, 1954, pp . 262-266. 

Kirk, R.;  and Othmer ,  D.; eds.: Encyclopedia of Chemical Technology. Vol. 4. 
Interscience, 1952, pp . 863-875. 

Kirk, R .; and Othmer,  D .  , eds . : Encyclopedia of Chemical Technology. Vol. 5. 
Interscience, 1952, p . 97. 

Kirk, R .; and Othmer, D.,  eds . : Encyclopedia of Chemical Technology. V o l .  9. 
In tersc  ience , 1952. 

xdster, W i l l i a m ;  and Schoder, Felix: 
Kondensation des Formaldehyds. 

b e r  das Entstehen von Sorbose b e i  der 
Hoppe-Seylers Z. Physiol. Chem.,  vol.  141, 

1924, pp . 110-131. 

Kuzin, A. :  Catalytic Effect of Monoses on the  Condensation of Formaldehyde t o  

Biokhimiya, vol .  3, 1938, pp. 16-27 
Sugars. V. Course of Condensation Reaction i n  the  Presence of Concen- 
t r a t e d  Sal t  Solutions. 
(C.A. 32: 41406). 

Kuzin, A; :  New Synthesis of Glycoaldehyde and Glyceraldehyde. J. Gen. 
Chem. USSR, vol .  8, 1938, pp . 592-595 (C.A. 33: 1271’) 

Landau, Bernard R.; and Merlevede, Wilfried: I n i t i a l  Reactions i n  the  
Metabolism of D- and L-Glyceraldehyde by R a t  Liver. J. Biol. Chem., 
VOX. 238, 1963, pp 861-867. 

Langenbeck, W.: Neue Untersuchungen iiber d ie  Formaldehyd-kondensation. 
Angew. Chem., vol. 66, 1 9 5 4 , ” ~ .  151. 

Loew , 0. : We i te re  s Giber die  Kondensation des Formaldehyds . J . Prakt . Chem . , 
V O ~ .  34, 1886, pp. 51-55. 

Loew, 0.: Ueber einige katalyt ische Wirkungen. Be r . ,  vol. 20, 1887, 
pp. 144-143. 

h e w ,  0.: Ueber Bildung von Zuckerarten aus Formaldehyd. B e r . ,  vol .  22, 
1887, pp . 470-478. 



Loew, 0.: Zur Kondensation des Formaldehyds Berichlingung. Ber., vol. 39, 
1906, PP. 1592-1593- . 

Pfe i l ,  E.; and Rucker, H.: Formaldehyde Condensation. Formation of Sugars 
from Formaldehyde by the  Action of Alkalies. Ann., vol. 641, 1961, 
pp . 121-131. 

P f e i l ,  E.; and Schroth, G.: Kinetics and Reaction Mechanism of the  Formalde- 
hyde Condensation. Chem. B e r  . , vol .  85, 1952, pp . 293-307. 

Schmalfuss, H.: Studien i&er die  Kondensation von Formaldehyd I: 

ijber den Einfluss von Monosen und von Magnesiumion auf d ie  

%er d ie  
Kondensation m i t  Magnesiunoxyd. B e r  . , vol. 57, 1924, pp . 2101-2104. 

Schmalfuss, H.: 
Zuckerbildung aus Formaldehyd. Biochem. Z.,  vol. 185, 1927, pp. 70-85. 

Schmalfuss, H.; and Barthmeyer, H. : ker die Entstehung von Diacetyl aus 

B e r .  , vol. 60, 1927, pp. 1035-1036. 
Kohlenhydraten und verwandten Stoffen (Formation of Diacetyl from Carbo- 
hydrates and Related Substances). 

Seyewetz, A.; and Gibello: 
e t  du Su l f i t e  de Soude. 

Synthgses de Sucres 6 P a r t i r  du Trioxym&hyline 
Bull .  SOC. C h i m .  Par i s ,  vol.  31, series 3, 1904, 

pp. 434-440. 

Storch, Henry H.; Golmbic, Norma; and Anderson, Robert B.: The Fischer. 
Tropsch and Related Syntheses. John Wiley and Sons, New York, 1951. 

Von Butlerow, A.  M.: Bildung einer  Zuckerartigen Substanz durch Synthese. 
Ann., vol. 120, 1861, pp. 295-298. 

Biological Systems: Gas Exchange 

Ammann, E. C .  B.; and Lynch, V. H.: G a s  Exchange of Algae. I. Effects  of 
Time, Light In tens i ty  and Spectral  Energy Distr ibut ion of the  Photosyn- 
t h e t i c  Quotient of Chlorella Pyrenoidose . Appl . Microbiol . , vo l  . 13, 
1965, PP 546-551. 

Bates, J. H.: Recent Aspects i n  the  Development of a Closed Ecological 
System. Aerospace Med., vol. 32, 1961, pp. 12-24. 

Benedict, F. G.:  A Portable Respiration Apparatus fo r  Cl in ica l  U s e .  Boston 
Med. s m g .  J., V O ~ .  178, 1918, pp. 667-678. 

Benoit, R .  J.: Mass Culture of Micro-Algae f o r  Photosynthetic G a s  Exchange. 
Algae and Man, D. F. Jackson, ed., Plenum Press,  New York, 1964, 
pp. 413-425. 

Blasco, R. J.: Nature and Role of Bacter ial  Contaminants i n  Mass Cultures of 
Thermophilic Chlorella Pyrenoidosa . Appl. Microbiol . , vol  . 13, 1965 , 
PP. 473-477. 



Bongers, L.: Chemosynthetic Gas Exchanger. Final  Report, NASA Contract 
NASw-713, Martin Co . , Denver, Colorado, 1964. 

Bongers, L.; and Kok, B.: Life Support Systems f o r  Space Missions. Develop. 
Ind. Microbiol., vol.  5, 1964, pp. 183-195. 

Bovee, H. H.; Pilgrim, A. J.; Sun, L. S.; Schubert, J. E.; Eng, T. L.; and 
Beinishek, B. J.: Iarge Algal Systems. Biologistics fo r  Space System 
Symposium, USAF Rep. AMRL-TDR-62-116, Wright-Patterson AFB, Ohio, 1962, 
pp. 8-19. 

Bowman, R.  0.; and Thomae, F. W.: 
Eng., V O ~ .  19, 1960, pp. 26-30. 

Bowman, R .  0.; and Thomae, F. W.: 
with Algae. Science, vol. 134, 

An Algal L i f e  Support System. Aerospace 

Long-Term Non-Toxic Support of Animal L i f e  
1961, PP 55-56. 

Canfield, J. H.; and Lechtman, M. D.: Study of Hydrogen-Fixing Micro- 
organisms f o r  Closed Regenerating Biosystems . 
Wright-Patterson AID,  Ohio, 1964. 

USAF Rep. AMRL-TDR-64-35, 

Consolazio, C .  F.; Johnson, R.  E.; and Becora, S. J.: Physiological 
Measurements of Metabolic Functions i n  a n .  McGraw-Hill Book Co., Inc., 
New York, 1963, p . 53. 

Eley, J. H.,  Jr.; and Myers, J.: Study of Photosynthetic Gas Exchange. 
Quantitative Repetition of the Pr ies t ley  Experiment. Texas J. Sci.,  
vol. 26, 1965, pp. 296-333; a l so  USAF Rep. SAM-TDR-64-52, Brooks AFB, 
Texas. 

A 

Foster, J . .F.;  and Litchfield,  J. H.: A Continuous C u l t u r e  Apparatus f o r  the 
Microbial Uti l izat ion of Hydrogen Produced by Electrolysis of Water i n  
Closed Cycle Space Systems. Biotech. Bioeng. , vol. 4, 1964, pp 441-456. 

Gafford, R .  D.; and Bailey, R.  V.: Flight Test of a Gravity-Independent 
Photosynthetic G a s  Exchanger, A Feas ib i l i ty  Study. 
SSD-TDR-63-240, Space Systems Division, Los Angeles, C a l i f . ,  1963. 

USAF Rep 

Gafford, R.  D.; and Craft, C .  E.: A Photosynthetic Gas Exchanger Capable of 
Providing f o r  the Respiratory Requirements of Small Animals. 
SAM-58-124, Brooks AFB, Texas, 1959. 

USAF Rep. 

Golueke, C. G.; and Oswald, W. J.: Closing an Ecological System Consisting of 
a Mammal, Algae, and Non-Photosyntheric Organisms. Am. Biol. Teacher, 
V O ~ .  25, 1963, pp . 522-528. 

Hannan, P. J.; and Patoui l le t ,  C.: Gas Exchange with Mass Cultures of Algae. 
I. 
Production. 

Effects of Light Intensi ty  and Rate of Carbon Dioxide Input on Oqygen 
Appl. Microbiol., vol.  11, 1963, pp. 446-449. 



Korotayev, M. M.: Toxic Gaseous Substances Given O f f  by Chlorella. Vol. 3 
of Problems of Space Biology, N. M. Siskayan and V. I. Yazdorskiy, eds., 
USSR Acad. Sei. Pub. House, Moscow; a l s o  Tech. Transl.  64-31578, U. S. 
Dept. Commerce, Joint  Pub. R e s .  Service, Washington, D. C., 1964. 

Krall, A. R.; and Kok, B. : Studies on A l g a l  Gas Exchangers with Reference t o  
Space Fl ight .  Develop. Ind. Microbiol. , vol. 1, 1960, pp . 33-44. 

London, S. A,; and West, A.: Gaseous Exchange i n  a Closed Ecological System. 
USAF Rep. AMRL-TDR-62-139, Wright-Patterson AFB, Ohio, 1962. 

Lynch, V. H.; Ammann, E. C. B.; and Godding, R.  M.: Urine as a Nitrogen 
Source f o r  Photosynthetic Gas Exchangers. 
pp . 1067-1071. 

Aerospace Med., vol.  35, 1964, 

Moss, D. N.: Plant Leaves f o r  the  Production of Oxygen i n  a Closed System. 
NASA CR-55131, 1963. 

Myers, J.: Study of a Photosynthetic Gas Exchanger as a Method of Providing 
fo r  the  Respiratory Requirements of the Human i n  a Sealed Cabin. 
Rep. SAM 58-1-17, Randolph AFB, Texas, 1958, p. 8. 

USAP 

Myers, Jack E.; and Brown, Allan H.: Gas Regeneration and Food Production i n  
a Closed Ecological System. 
Washington, D. C . ,  1961. 

N a t l .  Acad. Sci., N a t l .  R e s .  Council Pub. 893, 

Nihei, L.; Sasa, S.; Miyachi, K.; Suzuki, K.; and Tamiya, H.: Change of 
Photosynthetic Activi ty of Chlorella Cells During the Course of Their 
Normal L i f e  Cycle. Arch. Mikrobiol., vol. 21, 1954, pp. 156-166. 

Rossier, P. H.; Buhlmann, A. A.; and Wilsinger, K.: Respiration Physiologic 
Principles  and Their Clinical  Applications, P. 6. Luchsinger and K. M. 
Moser, eds., C .  V. Mosely Co., S t .  Louis, 1960, p .  113. 

Sorokin, C.: Changes i n  Photosynthetic Activity i n  the Course of C e l l  
Development i n  Chlorella. Physiol. Plantarm, vol. 10, 1957, pp . 656-666. 

Ward, C.  H.; Moyer, J. E.; and Vela, 6. R.: Studies on Bacteria Associated 
with Chlorella Pyrenoidosa TX 71105 i n  Mass Culture. Develop. Ind. 
Microbiol., vol.  6, 1964, pp. 213-222; a l s o  USAF Rep. SAM-TDR-64-73, 
Brooks AFB, Texas .  

Ward, C. H.; W i l k s ,  S. S.; and Craft, H. L.: Use  of Algae and Other Plants 
i n  the  Development of Life Support Systems. Am. Biol. Teacher, vol.  25, 
1963, pp . 512-521. 

W i l k s ,  S. S.: Preliminary Report on the  Photosynthetic Gas Exchange 
Po ten t i a l i t i e s  of the  Family Lemnaceae (Duckweed). 
Systems Symposium, USAF Rep. AMRL-TDR-62-116, Wright-Patterson AFB, Ohio, 

Biologistics f o r  Space 

1962, pp . 265-278. 



W i l k s ,  S .  S.: Biological Recycling Processes i n  Closed System. b c t u r e s  i n  
Aerospace Medicine, USAF School of Aerospace Med . , Aerospace Medical 
Division (AFSC), Brooks AFB, Texas, 1963, pp. 271-280. 

Biological Systems: Food Production 

Calloway, D. H.; and b r g e n ,  S.: Investigation of the Nutr i t ional  Properties 
of Hydrogenomonas eutropha. 
Dept. Nutr. Sei.,  Univ. of C a l i f . ,  Berkeley, 1965. 

Semi-Annual Rep., NASA Grant NGR-05-003-089, 

Fisher, A. W.; and B u r l e w ,  J. S. : Nutri t ional  Value of Mcroscopic Algae. 
Pub. 600, Carnegie Ins t .  Algal Culture from Laboratory t o  P i lo t  P lant .  

of Washington, Washington, D. C. ,  1953, pp. 302-310. 

Gorham, P. R.: Toxic Algae. Algae and Man, D. F. Jackson, ed., Plenum 
Press, New York, 1964, pp. 307-336. 

Hayami, H.; and Shino, K.: Nutr i t ional  Studies on Decolourized Chlorella. 
Growth Experiment of R a t s  and the Diges t ib i l i ty  of a D i e t  Containing 
19 Percent of Decolourized Chlorella. Ann. Rep. N a t l .  Ins t .  Nutrit ion 
(Tokyo, Japan) , 1958, pp . 56-38. 

K i n g ,  M. E.; and Shefner, A. M.:  Enzymatic Digestion of Algal Cells.  USAF 
Rep. AMRL-TDR-62-91, Wright-Patterson AFB, Ohio, 1962. 

k v e i l l e ,  G. A.; Sauberlick, H. E.; and Edelbrock, J. A.: The Influence of 
Enzyme Supplementation of the  Diges t ib i l i ty  of Algae. Rep. No. 259, U. S. 
Army Med. R e s .  Nutr. Iab.t  Fitzsimmons General Hospital, Denver 30, 
Colorado, 1961. 

Lubitz, J. A , :  The Protein Quality, Digest ibi l i ty ,  and Composition of 
Chlorella 71105. ASD Tech. Rep. 61-53>, Wright-Patterson AFB, Ohio, 1961. 

McDowe11, M. E.; and k v e i l l e ,  G. A.: Feeding Experiments with Algae. U. S. 
Army Med. R e s .  and Nutr. Lalb., Fitzsimmons General Hospital, Denver 30, 
Colorado, 1964. 

Meffert, M. E.; and Pabst, W. :  k e r  die  Verwert-Barkeit der Substanz von 
Scenedesmus Obliquus als Eiweibquelle i n  Ratten-Bilanz-Versuchen. Nutr. 
Dieta, vol. 5, 1963, pp. 235-254. 

Milner, H. W.: The Chemical Composition of Algae. Algae Culture: From 
Laboratory t o  P i l o t  Plant,  J. S. B u r l e w ,  ed., Pub. 600, Carnegie Ins t .  of 
Washington, Washington, D. C .  , 1953, pp . 285-302. 

Moore, B. G.; and Tischer, R.  G.: Extracellular Polysaccharides of Algae: 
Effects  on Life Support Systems. Science, vol. 145, 1964, p .  586. 

Morimura, Y.; and Tamiya, N.: Preliminary Experiments i n  the  U s e  of 
Chlorella as Human Food. Food Technol., 1954, pp . 179-182. 



O s w a l d ,  W. J.; Golueke, C .  G.; Cooper, R.  C.; Myers, J. H.; Hintz, H.; and 
Gee, H. K.: Nutr i t ional  and Disease Transmitting Potent ia l  of Sewage- 
Grown A l g a e .  
Sanitary Engineering R e s .  Lab. , Univ. of C a l i f . ,  Berkeley, 1964. 

F i r s t  Progress Rep. WP 00026 Rl-R2-R3, SERL Rep. 64-6, 

Pabst, W. F.; Jekat, F.; and Rolle, I.: The Ut i l iza t ion  of Carbohydrates, 
Fats,  Phosphorous and Nitrogen from Roller-Dried Schenedesmus Substance as 
Shown by Balance Studies i n  the  R a t .  Nutr. Dieta, vol. 6, 1964, 
PP. 279-2950 

Powell, R.  C.; Nevels, E. M.; and McDowell, M. E.: Algae Feeding i n  Humans. 
J. Nutr., vol. 75, 1961, pp. 7-12. 

Tamiya, H.: Chemical Composition and Applicabili ty as Food and Feed of Mass- 
Cultured Unicellular Algae. F ina l  Rep. No. 1, TOKU 33129 FR-1, U. S. Army 
R e s .  and Develop. Group, 1961. 

Tischer, R .  B.; and Moore, B. G.: An Extracel lular  Polysaccharide Produced 
by Palmella mucos. Arch. Mikrobiol., vol. 49, 1964, pp. 158-166. 

Wilks, Syrrel  S. : Plant Systems as Long Term Flight  Nourishment Sources. 
Conference on Nutrit ion i n  Space and Related Waste Problems. NASA SP-70, 
1964, pp . 305-310. 

Biological Systems: Waste Disposal 

Combustion of Human Waste and Product Recovery. TN 62-16, Arctic Aeromedical 
Lab., A i r  Force Systems Command, Fort Wainwright, Alaska, 1963. 

Goldner, B. H.: Application of Hydrogen Bacteria t o  Bioregenerative L i f e  
Support Systems. I. Urine i n  H. eutropha Cultures. Rep. No. NASW-988, 
Magna Corp., Anaheim, C a l i f  ., 1965. ' 

Golueke, C.  G.; Oswald, W. J.; and McGauhey, P. H.: The Biological Control of 
Enclosed Environments. Sewage Ind. Wastes, vol. 31, 1959, p .  1125. 

Oswald, W. J.; and Golueke, C.  G.: Microbiological Waste Conversion i n  
Control of Isolated Environments. 
Engineering, Univ. of C a l i f . ,  Berkeley, 1960. 

AF 19(604) -6637, School of Sanitary 

Pipes, W. 0.:  Waste-Recovery Processes for a Closed Ecological System. 
Pub. 898, N a t l .  Acad. Sci.,  N a t l .  R e s .  Council, Washington, D. C . ,  1961. 

Pote, H. L. : Waste Conversion by Anaerobic ThermoQhilic Methods. 
Biologist ics  fo r  Space Systems Symposium, USAF Rep. AMRL-TDR-62-116, 
Wright-Patterson Am, Ohio, 1962. 

Tischer, R.  G.; Brown, L. R.; and Kennedy, M. V.: Physical, Chemical and 
Microbiological Evaluation of Electrochemical Degradation of Human Wastes. 
Final  Rep. AF41609 1633, Mississippi State  Univ., 1964. 



Less Studied Candidates f o r  Microbial Life Support Systems 

Barker, H. A.: Fermentation of Nitrogenous Organic Compounds. The Bacteria. 
Vol. I1 of Metabolism, I. C. Gwsalus and R. Y. Stanier , eds . , Academic 
Press, New York, 1961, pp . 151-207. 

Breed, Robert S.; Murray, E. G. D.; and Smith, Nathan R-., eds.: Society of 
American Bacteriologists.  
Seventh ed., Wil l iams and Wilkins Co., Baltimore, 1957. 

Bergey's Manual of Determinative Bacteriology. 

Brown, L. R.; and Strawinski, R.  J.: The Bacter ial  Metabolism of Methane. 
Bacteriol .  Proc . , 1957, pp . 18-19. 

Brown, L. R.; and Strawinski, R .  J.: Intermediates i n  the  Oxidation of 
Methane. Bacteriol. Proc . , 1958, p. 22. 

Burton, R.  M.; and &plan, N. 0. :  A DPN Specific Glycerol Dehydrogenase from 
Aerobacter aerogenes. J. Am. Chem. SOC., vol. 75, 1953, pp. 1005-1006. 

Chaix, P.; Luthiois, A.; and Issoly,  I.: 
s u b t i l i s  dans son mill ieu de culture:  Influence de CO2. Biochim. Biophys. 
Acta, vol.  29, 1958, pp . 151-160. 

Vitesse de re'spiration de B. 

Champagnet , A. : Protein from Petroleum. Scient i f ic  American, vol  . 213, .1965, 
pp 13-17. 

Cheldelin, V. H. : Metabolic Pathways i n  Microorganisms. E .  R .  Squibb 
Lectures on Chemistry of Microbial Products. John Wiley and Sons, New 
York, 1961. 

Clifton, C .  E.: Microbial Assimilations. Advan. Enzymol., vol .  V I ,  1946, 
pp. 269-308. 

Davis, J. B.; Coty, V. F.; and Stanley, J. P.: Atmospheric Nitrogen Fixation 
J. Bacteriol.,  vol. 88, 1964, pp . 468-472. by Methane-Oxidizing Bacteria. 

DeLey, J.; and Schell, J.: The Oxidation of Several Substrates by Acetobacter 
a c e t i .  J. Bacteriol.,  vol.  77, 1959, pp. 445-451. 

Dolin, M. I.: Survey of Microbial Electron Transport Mechanisms. The 
Bacteria. Vol. I1 of Metabolism, I. C. Gunsalus and R .  Y.  Stanier,  eds., 
Academic Press, New York, 1961. 

Dworkin, M.; and Foster, J. W. :  Studies on Pseudomonas Methanica (Sohngen) 
Nov. Comb. J. Bacteriol.,  vol.  72, 1956, pp. 646-659. 

Elsden, S. R.  : Photosynthesis and Lithotrophic Carbon Dioxide Fixation. The 
Bacteria. V o l .  I11 of Biosynthesis, I. C.  Gunsalus and R. Y. Stanier,  
eds., Academic Press, New York, 1962, pp. 1-40. 

Foster, J. W.: Chemical Act iv i t ies  of the Fungi. Academic Press, New York, 
1949 

140 



Fuhs, G. W.: Der Mikrobielle Abbau von Kohlenwasser-stoffen. Arch. 
Mikrobiol., vol.  39, 1961, pp. 374-422. 

Gunsalus, I. C.; Horecker, B. L.; and Wood, W. A.: Pathways of Carbohydrate 
Bacteriol.  Rev., vol. 19, 1955, pp. 79-128. Metabolism. 

Gunsalus, I. C.; and Umbreit, W. W.: The Oxidation of Glycerol by Strepto- 
coccus Faecalis.  J. Bacteriol. ,  vol. 49, 1945, pp. 347-357. 

Hers, H. G.: Triokinases. The Enzymes, P. D. Boyer, H. Lordy, and K. 
Myrback, eds., vol. 6, Academic Press, New York, 1962, pp. 75-83. 

Huennekins, F. M.; and Osborn, M. J.: Folic Acid Coenzymes and One Carbon 
Metabolism. Advan. Enzymol., vol. 21, 1959, pp. 369-446. 

Hutton, W. E.; and Zobell, C .  E.: The Occurrence and Characterist ics of 
Methane-Oxidizing Bacteria i n  Marine Sediments. 
1949, PP 463-473 

J. Bacteriol. ,  vol. 58, 

Jacobs, N. J.; and Van De Mark, P. J.: Comparison of the  Mechanism of 

J. Bacteriol. ,  vol. 79, 1960, pp. 532-538. 
Glycerol Oxidation i n  Aerobically and Anaerobically Grown Streptococcus 
Faecalis.  

Kaserer, H.: D i e  Oxydation des Wasserstoffes durch Mikro-organismen. Zbl. 
Bact. Abt. 11, vol. 16, 1906, p. 681. 

Klungsoyr, L.; K i n g ,  T. E.; and Cheldelin, V. H.: Oxidative Phosphorylation 
i n  Acetobacter Suboxydans. J. Biol. Chem., vol. 227, 1957, pp. 135-149. 

Kluyver, A. J.; and Sehnellin, G. T.  P.: On the  Fermentation of Carbon 
Monoxide by Pure Cultures of Methane Bacteria. Arch. Biochem., vol .  14, 
1947 PP 57-70. 

burer ,  P. R.; and B a t t ,  R .  D.: Oxidation of Polyols by Nocardia Corallina. 
J. Bacteriol., vol. 83, 1962, pp. 1131-1139. 

McClung,. N. M. : The Uti l iza t ion of Carbon Compounds by Nocardia Species. 
J. Bacteriol., vol. 68, 1954, pp. 231-236. 

McCulloch, E. C.: Disinfection and S te r i l i za t ion .  h a  and Febiger, 
Philadelphia, 1945. 

McIntosh, E. N.; Purko, M.; and Wood, W. A.: Ketopantoate Formation by 
Hydroyymethylation Enzyme from Escherichia co l i .  J. Biol. Chem., vol. 228, 
1957, PP. 499-5100 

McGnna, E. J.; and Kallio, R.  E.: The Biology of Hydrocarbons. Ann. Rev. 
Microbiol. , vol. 19, 1965, pp . 183-208. 

Nechaeva, N. B.: Two Species of Methane Oxidizing Mycobacteria. 
Mikrobiologiya, vol. 18, 1949, pp . 310-317. 

141  



O r l a -  Jensen, S. : D i e  Hauptlinien des Naturlichen Bakteriensystems . Zentr . 
Bakteriol.  Parasitenk., Abt. 11, vol. 22, 1909, pp. 305-346. 

Purko, M.; Nelson, W. 0.; and Wood, W. A.: The Role of p-Aminobenzoate i n  
Pantoate Synthesis by Bacterium Linens. J. Biol. Chem., vol.  207, 1934, 
PP- 51-58. 

Quayle, J. R.: Metabolism of C, Compounds i n  Autotrophic and Heterotrophic 
Microorganisms. Ann. Rev. Microbiol . , vol . 15, 1961. 

Rush, D.; Karibian, D.; Karnovsky, M. L.; and Magasanik, B . : Pathways of 
Glycerol Dissimilation i n  Two Stra ins  of Aerobacter aerogenes: 
and Tracer Studies. 

Enzymatic 
J. Biol. Chem., vol.  226, 1957, p .  891. 

Smith, L. : Cytochrome Systems i n  Aerobic Electron Transport. The Bacteria. 
Vol. I1 of Metabolism, I. C. Gunsalus and R .  Y.  Stanier ,  eds., Academic 
Press, New York, 1961. 

Sobolov, M.; and Smiley, K. L.: Metabolism of Glycerol by an Acrolein-Forming 
Lactobacillus. J. Bacteriol. ,  vol. 79, 1960, pp . 261-266. 

Sohngen, N.  I.: Ueber Bakterien welche Methan als  Kohlenstoffnahrung und 
Energiequelle gebrzuchen. Zentr . Bakteriol . Parasitenk . , Abt . 11, vol . 15, 
1906, PP. 513-517. 

U t t e r ,  M. F.; and Wood, H. G.: Mechanisms of Fixation of Carbon Dioxide by 
Heterotrophs and Autotrophs. Advan. Enzymol. , vol. X I I ,  1952, pp. 41-151. 

Virtanen, A. I.; and V. Hausen, J.: Uber d i e  Vergarung von Glyceraldehyd. 
Z.  Physiol. Chem., vo l .  204, 1932. 

Wehmer, C .  : Biochemische Zersetzung des Kohlenoxyds . B e r  . Deut. Chem. Ges . , 
vox. 59, 1926, p.  887. 

Wiame, J. M.; Bourgeois, S.; and Lambion, R .  : Oxidative Dissimilation of 
Glycerol Studied with Variants of Bacillus sub t i l i s .  Nature, vol. 174, 
1954, PP 37-38 

Wood, W. A.: Fermentation of Carbohydrates and Related Compounds. The 
Bacteria. Vol. I1 of Metabolism, I. C. Gunsalus and R.  Y .  Stanier,  eds., 
Academic Press, New York, 1961, pp. 59-149. 

Zobell, C.  E.  : Assimilation of Hydrocarbons by Microorganisms. Advan. 
Enzymol., vol. X, 1950, pp. 443-486. 

Algae Lighting 

Novosad, R .  S.; and Dezur, R.  S.: An Analysis of a Fiber Method of Illumina- 
t i o n  for an Algae Suspension i n  a L i f e  Support System. AAS Preprint 63-22, 
1963 

142 



Algae Systems Engineering 

Golueke, C.  6.; Oswald, W .  J.; and Lee, H. K.: A Study of Fundamental Factors 
Pert inent t o  Microbiological Waste Conversion i n  Control of Isolated 
Environments. F i r s t  Tech. Rep. AFCRL-64-341, March 31, 1964. 



PLANS FOR A PROGRAM TO STUDY CLOSED 

LIFE -SUPPORT SYSTEMS 

By E. Gene Lyman 

Ames Research Center 

Ames Research Center has a program t o  study closed life-support systems. 
The first  phase includes the  General Dynamics/Convair and Lockheed Missiles 
and Space Company s tudies  t h a t  led t o  the  def ini t ion of configurations of 
closed systems. The purpose of t h i s  presentation i s  t o  describe the  plan 
which the  Ames Research Center hopes t o  follow i n  pursuing a closed l i f e -  
support system program. 

Ames' overal l  objective is t o  conduct research and development on 
advanced life-support systems t o  es tab l i sh  a foundation of technology f o r  
assuring the  safe ty  and support of man i n  long duration space missions. The 
development program f o r  a closed l ife- support  system is an important contribu- 
t i on  t o  t h i s  overal l  objective. It should be noted t h a t  t h i s  program is not 
spec i f ica l ly  ident i f ied  with any future  NASA missions, but only endeavors t o  
provide quanti tat ive information f o r  planning future  missions. However, con- 
s iderat ion must be given t o  the  type of missions i n  which a closed system 
could be used because of (1) the need t o  assess the  influence of such obvious 
factors  as crew s ize ,  mission time duration, operational modes, power systems, 
e tc . ,  on the  se lect ion of a workable l i fe- support  system configuration and 
(2 )  the need t o  assess the  degree t o  which resources should be committed t o  
the  support of the program. 

The question is whether we can reasonably predic t  the requirement f o r  a 
closed system with suf f ic ien t  accuracy t o  determine the  degree t o  which 
resources should be devoted t o  i t s  development. Currently, a great  deal  of 
a t t en t ion  is being given t o  defining NASA's mission beyond the  various Apollo 
programs. There have been recommendations t ha t  the  next family of manned 
missions be devoted t o  planetary exploration. 
shown t h a t  approximately 400 t o  1,000 days w i l l  be required t o  accomplish 
flyby missions t o  such planets  as Venus, Mars, and Jup i te r .  
have a l so  shown crew requirements on the  order of 10 t o  20 men. 
of the  s tudies  presented i n  preceding papers have shown tha t  i n  4,000 t o  
10,000 man-day missions a closed life-support system becomes competitive, and 
t h i s  magnitude of mission falls within t he  scope of planetary missions. 

Various mission analyses have 

Similar s tudies  
The r e su l t s  

However, these competitive estimates w e r e  based on assumptions not 
en t i re ly  quanti tat ive.  
rat ings of a system based on factors  such as maintainability, r e l i a b i l i t y ,  and 
safety, pa r t i cu la r ly  when a life-support system of comparable complexity has 
yet  t o  be used i n  a f l i g h t  mission? In fac t ,  the  f l i g h t  qual i f ica t ion of a 
system an order of magnitude l e s s  c o q l e x  than a food synthesis system has ye t  
t o  be made. Pr io r  studies of missions of intermediate time duration have 

For example, how does one determine the r e l a t i ve  



shown that the  a b i l i t y  t o  recover potable water from urine and oxygen from 
carbon dioxide w i l l  o f fer  great  savings i n  weight, volume, and power require- 
ments over open systems t h a t  carry expendable s to res  of oxygen and water. 

Yet, has an acceptable water e lec t ro lys i s  system or a n  acceptable water 
recovery system been developed? 
accomplished on such systems as water e lec t ro lys i s  and C02 reduction so that 
f l i g h t  systems could be constructed and evaluated; the  A i r  Force and NASA have 
such programs under way. 
been pursued on recovering water from urine, no one system i s  being act ively  
developed for f l i g h t  evaluation. 
have been planned that require water recovery; but water recovery i s  a rela- 
t i v e l y  complex process that requires considerable pretreatment and post-  
treatment, separation of products, and operation with materials  i n  various 
phases, that is ,  gas, l iquid ,  and sol id .  

Sufficient  research and development has been 

But, i n  sp i t e  of the  various approaches that have 

The reason may be t h a t  no specif ic  missions 

Consider a representat ive process that may be encountered i n  a food 
Synthesis system. 
shown i n  f igure  1. 

For t h i s  discussion, a formaldehyde synthesis system is 
This par t i cu la r  technique is based on the  conversion of 
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Figure 1.- Block diagram of representative 
formaldehyde synthesis process. 

carbon dioxide to carbon monoxide and 
oxygen; carbon monoxide and hydrogen t o  
methanol; and methanol and oxygen to 
formaldehyde. 
means complete with respect t o  t he  con- 
t r o l  systems, heat exchangers , etc .  , 
that would be required i n  ac tua l  oper- 
ation, nor i s  it necessari ly correct 
with respect t o  t he  specif ic  techniques 
t ha t  might be used t o  accomplish the  
synthesis (e.g., freeze-out of CO, from 
a C0,-CO mixture). 
tures  of t he  system a r e  representative, 
such as high pressure, temperature 
reactors,  and unusual product separa- 
t ion  requirements. It is readi ly  

The f igure  i s  by no 

However, the  fea-  

apparent that none of these processes has been accomplished i n  qual i f ied  l i f e  
support systems 

From study of the  formaldehyde synthesis process, it appears that a great  
portion of the  closed l ife- support  system program w i l l  consist i n  determining 
techniques f o r  the  applicat ion of conventional chemical processes to t h e  
spacecraft system. This applicat ion w i l l  not be simple, as evidenced by the  
separation problems encountered i n  water recovery systems f o r  example. Other 
problems t h a t  w i l l  be encountered have yet t o  be solved prac t ica l ly  i n  the  
Earth environment, as f o r  example, the resolut ion of racemic mixtures of 
sugars e 

Having considered the  magnitude of the problems tha t  confront us, it is 
now appropriate to consider what course t o  pursue i n  achieving a quanti tat ive 
closed l ife- support  system technology. The preceding papers have made it 
abundantly c lea r  t h a t  a great  deal  of work needs t o  be done. We have outlined 



a plan f o r  conducting t h i s  program that we believe w i l l  accomplish our 
objectives i n  a minimm time as well as make maximum use of our l imi ted  
available resources. 

The f i rs t  task  w a s  t o  ident i fy  c r i t i c a l  areas that would have a 
"go-no-gol' impact on the  program. Then, tasks that required advanced technol- 
ogy t o  quantify t h e i r  f e a s i b i l i t y  were identif ied;  and f ina l ly ,  tasks were 
ident i f ied which required the  investigation o r  determination of new concepts. 

The most important question f o r  any food synthesis concept i s  whether o r  
not the  food is nu t r i t iona l ly  adequate. To answer t h i s  question, a program 
fo r  the  i n i t i a l  screening of potent ia l  foodstuffs has been established and is 
now under way. I n  t h i s  program, the  nu t r i t iona l  s u i t a b i l i t y  of such materials 
as glycerol, glyceraldehyde, dihydroxyacetone, and formose sugar mixtures w i l l  
be studied on small animals. Materials fed i n  these studies w i l l  be furnished 
i n  the  pure form as well as i n  the  same form as they would be obtained i n  the  
ac tua l  syqthesis process. Early indications of acceptabi l i ty  of the  food w i l l  
allow the programs t o  proceed e f f i c i en t ly  without unwarranted a t ten t ion  t o  
unpromising concepts. I n  l i n e  with the  nu t r i t iona l  s u i t a b i l i t y  of a food- 
stuff, immediate a t ten t ion  w i l l  be given t o  producing suf f ic ien t  quanti t ies of 
Hydrogenomonas eutropha bacter ia  fo r  feeding studies. A s  stated earlier, only 
preliminary short-term feeding studies have been undertaken with t h i s  bacteria 
and it is essen t ia l  t o  obtain more quanti tat ive data on them before extensive 
e f fo r t  i s  devoted t o  developing a representative system. The question raised 
by Lockheed with respect t o  the  feeding of high protein diets must be 
answered. 
uation and, as such, candidate foodstuffs w i l l  be screened as soon as possi-  
ble. 
i n  t h e i r  eventual impact on a par t icular  food synthesis system, we are reason- 
ably confident on the  basis of available information that the  materials pro- 
duced i n  the  various systems described today w i l l  be nu t r i t iona l ly  suitable.  
Therefore, we w i l l  proceed d i r ec t ly  t o  the  development of cer ta in  processes 
t o  the  breadboard level .  
manner. Formaldehyde i s  produced commercially i n  great  quanti t ies,  and the  
reaction conditions and the  processes a r e  w e l l  established. 
i n  t h i s  program w i l l  be t o  develop new techniques tht may be used i n  the  
spacecraft environment (e.g., separating formaldehyde from a methnol-  
formaldehyde solution) . 

The nut r i t iona l  problem then may be c lass i f ied as a "go-no-go" s i t -  

Although we consider the  nu t r i t iona l  aspects of the  program predominant 

Formaldehyde synthesis may be approached i n  t h i s  

The major e f fo r t  

The production of sugars from formaldehyde is not so  simple. Many 
approaches w i l l  have t o  be investigated i n  order t o  solve t h i s  problem satis- 
factor i ly .  W e  intend t o  study both long chain sugars from the  formose mixture 
and the  production of short  chain makerials, such as glyceraldehyde, glycerol, 
and dihydroxyacetone. Techniques fo r  separating unusual products w i l l  have 
t o  be developed. There a r e  no commercially available processes f o r  separating 
racemic mixtures of sugars and t h i s  may be a major problem. 

I n  addition t o  providing adequate quanti t ies of Hydrogenomonas fo r  
feeding experiments, the  environmental conditions under which Hydrogenomonas 
growth may be sustained w i l l  be more f u l l y  defined. 
be given t o  determining the  e f fec t s  of long-term operation of continuous 
cultures, and eventually t o  culture operation with the  nutrient  medium 

Par t icular  a t ten t ion  will 
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recycled. This work w i l l  a l so  require su i tab le  separation techniques. It 
w i l l  be necessary t o  determine the  nu t r i t i ve  value of the  culture medium 
obtained from urine and feces mixtures as well  as the  ro l e  of nu t r ien ts  i n  
feces i n  a closed system. 

I n  l i n e  with the  ana ly t ica l  studies on feces, fur ther  analysis  w i l l  be 
made of t he  closed l ife- support  system. I n  the papers presented here various 
constraints  were imposed and assumption were made. We w i l l  reexamine the  
closed system configuration i n  l i g h t  of a l te red  constraints  and assumptions. 
For exanrple, we w i l l  consider a closed l ife-support  system that w i l l  have 
available sunlight, or one which would be used on a planetary surface o r  i n  a 
reduced gravity f i e ld .  The f e a s i b i l i t y  of .using metabolic wastes as possible 
fuels  or propellants w i l l  be assessed. 
w i l l  be reviewed continually i n  an attempt t o  assure that the  most feas ib le  
concepts a r e  being considered f o r  a closed l ife-support  system. 

I n  these studies, new and old work 

Br ie f ly  I have j u s t  described the  tasks we intend t o  pursue so  t h a t  
within three  years we w i l l  have suf f ic ien t  technology available t o  quantify 
some of the  information presented today. 
l ished and developed breadboard configurations of cer ta in  key concepts t ha t  
w i l l  be required i n  a first generation closed l ife-support  system. 

To t h i s  end we hope t o  have estab- 

One may well ask w h a t  course w i l l  be followed i f  there i s  a major 
f a i l u r e  or lack of success i n  any one of our given tasks. 
t o  investigate other areas not yet defined. 
exploratory; and our intention is t o  devote about 23 percent of our resources 
t o  the  study of such concepts. 

Our intention i s  
These may be categorized as 

The discussion of the  research tasks we are  undertaking has been br ief  
thus f a r .  
task or the  specif ic  schedule t o  be followed in  accomplishing these tasks.  
This omission has been intent ional  f o r  several  reasons. The major reasons a r e  
tha t  we can only estimate on a yearly basis the  resources available and that 
we cannot estimate the success of any given task.  

We have not specified the  resources t o  be devoted t o  any given 

The continuation of Phase I studies w i l l  be ana ly t ica l  and w i l l  consider 
such factors  as operation i n  a reduced gravity f i e l d ,  recovery of fuels  or  
propellants from metabolic wastes, e tc .  

A small contract has been awarded f o r  the  i n i t i a l  evaluation and 
screening of po ten t ia l  synthetic foodstuffs. 
the la rger  scale  nu t r i t ion  program that must be conducted t o  support t h i s  
program. 
approximately two years. 

Planning is s t i l l  under way f o r  

It is hoped tha t  feeding studies u t i l i z i n g  man w i l l  begin i n  

One continuous culture Hydrogenomonas system w i l l  be b u i l t .  It w i l l  be 
used f o r  investigating various environmental factors  that influence the  oper- 
a t ion  of the  culture. 
problems associated with applying a Hydrogenomonas culture t o  a spacecraft 
system. 
formaldehyde from CO, and % w i l l  be determined. 

Tentatively, we a r e  planning t o  investigate the  

I n  a chemical synthesis of formaldehyde the  techniques fo r  forming 



It is appropriate a t  t h i s  time t o  mention the  overal l  program and the  
time scale  i n  which we hope t o  accomplish various phases of the  program. 
Phase I1 port ion of the  program concerns the  research and development of 
specif ic  subsystems. 
have been given of the various tasks we hope t o  undertake. We hope t o  achieve 
a reasonable l eve l  of technology within three  years f o r  various key subsystems 
t h a t  w i l l  permit the engineering design of a f i r s t  generation closed system. 

The 

We are j u s t  now entering t h i s  phase and descriptions 

We have already undertaken the  procurement of systems f o r  use i n  con- 
junction with a closed l ife-support  system. 
t a l  chamber w i l l  be i n s t a l l ed  a t  Ames by April  1967. 
f o r  such functions as removing COz, recovering oxygen, and controll ing tem- 
perature and humidity w i l l  be ins ta l l ed .  
hab i tab i l i ty  studies would be conducted i n  t h i s  chamber u n t i l  we may begin 
studies with the  closed l ife- support  system. 

To t h i s  end, a' large environmen- 
Physicochemical systems 

Preliminary confinement s tudies  and 

The objective of our research programs and the  factors  which influenced 
our decisions f o r  conducting a closed l ife- support  system program have been 
b r i e f l y  described as have the  research areas we hope t o  undertake. 



WASTE STABILIZATION IN SPACE ENVIROWNTS 

By H. G. Schwartz, Jr., and J. E. McKee 

W. M. Keck Laboratory of Environmental Health Engineering 
California Institute of Technology 

One of the major problems to be solved before extended space voyages can 
be realistically planned and programed is that of waste management and water 
reuse. The logistics of space travel necessitate the reclamation of water 
from urine, wash water, condensate water, and possibly feces. To obtain a 
safe potable supply from such used waters, it is necessary to remove chemical 
and biological contaminants. 

The principal purpose of this paper is to discuss one particular means of 
biological waste stabilization of possible value in an integrated system for 
waste and water management in space. 
well to bring the reader into rapport with some of the alternative methods of 
waste-water purification. This subject has been dealt with by others 
(refs. l -3 ) ,  but a brief review of the methods proposed for water recovery and 
waste stabilization is appropriate. 

Before doing so, however, it might be 

WATER RECOVERY SYSTEMS 

Several physical and chemical systems for water reclamation have been 
studied by other investigators, including: (a) distillation, (b) freeze dry- 
ing, (e) electrodialysis, (d) ion-exchange processes, (e) activated carbon 
adsorption, ( f) membrane permeation, (g) vapor pyrolysis, (h) combustion, and 
(i) electrolysis. 
independently is wholly satisfactory, although combinations show promise. 
Organic carryover in distillation and freezing operations necessitates addi- 
tional treatment by activated carbon adsorption. 
exchange techniques will not remove most of the nonpolar organic contaminants. 
Adsorption on activated carbon will remove most of the organic matter, but a 
system for efficiently regenerating the exhausted carbon has not been devel- 
oped. Fouling of the membranes presents difficulties in the membrane perme- 
ation technique. The high temperatures required for vapor pyrolysis and 
combustion processes offer some disadvantages. The electrolysis-fuel-cell 
arrangement, although appealing in its fundamental concepts, has a high power 
requirement and produces some organic contamination of the prodyct water. 

To date, it appears that none of these systems operating 

Electrodialysis and ion- 

It is apparent that, in one way or another, the organic matter in the 
wastes presents great difficulties for many of the physical and chemical pro- 
cesses. Based on terrestrial experience, it might be appropriate to consider 
biological processes for stabilization and mineralization of the organic 
substances prior to physical or chemical processes for demineralization. 



An organic waste may be subjected to biodegradation by either aerobic or 
anaerobic processes. Some fundamental differences between aerobic and anaer- 
obic stabilization should be examined in the light of their use in space 
environments. 
matter are carbon dioxide, water, nitrates, phosphates, sulfates, and similar 
well-oxidized compounds, thus: 

The final products from the aerobic decomposition of organic 

C.%OIP N S + x02 a { ~ ~ ~ ~ c  3 aC02 + bH 0 + cHPO-- 
J P a s  2 4 

+dNOi + eS0;- + stable residue 

Anaerobic degradation yields ammonia, humus, carbon dioxide, water, 
methane, and sulfides, thus: 

' jHkolPpNnS s biota fC02 + gCH4 + 1?NH3 + iH2S 
+ a O T -  + humus 

4 

In a closed environment, the carbon dioxide, nitrates, sulfates, etc., from 
aerobic stabilization would be innocuous end products. On the other hand, 
ammonia, humus, methane, and sulfides (notably hydrogen sulfide) would present 
new control problems. Aerobic systems, therefore, are inherently better 
suited for space environments. 

Several aerobic processes are presently used to treat municipal and 
industrial wastes. 
by various contractors for use in space vehicles are: (a) activated sludge, 
(b) trickling filters, and (c) oxidation ponds. 
imposes severe limitations on these processes. 
solid components in the effluents from the activated-sludge and oxidation- 
pond processes is difficult and expensive with artificial gravity. 
waste over a course filter would also require an induced gravitational field. 
While the problems encountered with these systems do not and should not 
eliminate them from consideration, their application may be limited. 

Among the more common systems that have been investigated 

The absence of gravity 
The separation of liquid and 

To trickle 

FILTRATION THROUGH FINE POROUS WIA 

To overcome some of the difficulties presented by gravity-free conditions, 
McKee (ref. 4) proposed the use of two-phase aerobic percolation through fine 
porous media to stabilize organic waste waters in space environments. Inter- 
mittent filtration of municipal wastes through beds of sand has been used for 
many years as a secondary treatment process. 
is extremely stable as evidenced by 95 to 99 percent reductions in the five- 
day biochemical oxygen demand (BOD) and a high degree of nitrification. 
Intermittent sand filtration generally yields an effluent superior to that 
from typical activated-sludge and trickling-filter processes. 
large land areas required for sand filtration, however, have limited its use 

The effluent from such a process 

The relatively 



for municipal wastes. Recently, this system was studied for use as a tertiary 
polishing treatment following the activated sludge process in conjunction with 
the recharging of depleted ground-water storage (ref. 5). 

In view of the highly stabilized effluent obtainable from intermittent 

Furthermore, since 
sand filtration, this process should be considered for biodegradation of the 
organic constituents of waste waters in space vehicles. 
the capillary forces so important in this system do not depend on gravity, the 
system should operate in a zero-gravity environment with no difficulty. 
Interest at the California Institute of Technology in the waste treatment 
problems encountered in space environments has led to a study of intermittent 
sand filtration as a possible means of biodegradation of urriine and other 
organic waste water. 
Ames Research Center. 

This project is being sponsored by NASA through the 

EXPERINECNTAL EQUIPMENT 

A schematic diagram of the sand columns presently being employed on this 
study is shown in figure 1. The columns are made of 1-inch-diameter lucite 

approximately 30 inches in length. A 
wire screen near the bottom of each 
column supportsabout 24 inches of sand. 
Above this fine porous medium, a 1-inch 
layer of pea gravel distributes the 
intermittent dosage and prevents the 
formation of scum. 

The waste is applied at regular 

WFWENT WASTE WATER 

SUPWRTIRG SCREEN 

intervals to the top of the sand by a 
solenoid valve-time switch arrangement. 
Both the amount of waste applied per 
dose and the frequency of dosing can 
be easily adjusted. Liquid samples 
are collected at the bottom of the 
columns * 

WATER 

Figure 1.- Schematic diagram of intermittent sand 
f i l t r a t i o n  apparatus a 

Air or oxygen is supplied above the column of sand. The air passing 
through the sand is put through a CO, collector and the remaining volume is 
then measured. 
regulated to control the gas flow,. 
appears in figure 2. 

Gas pressures on both the influent and effluent sides can be 
A photograph of the laboratory apparatus 

Two sizes of sand are being used in the experimental work. Most of the 
columns contain sand with a geometric mean size of 0.56 m and a geometric 
standard deviation of 1.2. Several columns were prepared with a finer sand 
with a geometric mean size of 0.12 mm and a geometric standard deviation of 
1.14. 
with the finer sand. 

Very low infiltration rates and excessive ponding were encountered 



Figure 2.- View of intermittent sand f i l t e r s .  

PROCEDW AND RESULTS 

I n  an intermit tent  sand f i l t e r ,  as with other biological  processes, it 
i s  necessary t o  develop an abundant microbial cul ture capable of degrading 
the  organic constituents i n  the  waste feed. To obtain such a population, 
s e t t l e d  sewage from the  Whittier Narrows Water Reclamation Plant has been 
used. 
tered through glass  wool and then fed in termi t tent ly  t o  the  sand columns.. 

The eff luent  from the  primary sedimentation tank a t  tha t  plant  is  f i l -  

e 

The first column was placed i n  operation i n  August 1965. Since then, 
t h i s  column has been dosed with s e t t l e d  sewage a t  the  rate of 100-150 ml/day 
o r  20-30 cm/day. 
decreased from about 200-250 %/liter i n  the applied sewage t o  30-40 = / l i t e r  
i n  the  eff luent  as shown i n  f igure 3. 
study ( r e f .  5 )  t h a t  removal of COD occurs la rge ly  as a r e s u l t  of physical 
adsorption. 

Almost immediately, the  chemical oxygen demand (COD) 

It i s  known from the  Whittier Narrows 

Complete acclimatization i n  the  experimental columns, however, was not 
evidenced f o r  about 40 days. 
increased dramatically with a concomitant decrease i n  the  organic and 
ammonia nitrogen content. 
e f f luent  nitrogenous material  is  shown i n  f igure 4. 

A t  that time, the  n i t r a t e s  i n  the  eff luent  

The behavior of t h i s  system with respect t o  the  
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Figure 3 . -  Chemical oxygen demand of influent and Figure 4.- Nitrogen content of effluent from 
column 1. effluent for column 1. 

In November 1965, this column was connected to a pure oxygen supply. 
Prior to this time, the system had been open to the atmosphere. It was hoped 
that the oxygen atmosphere would be conducive to further nitrification. That 
the opposite effect was observed is apparent in figure 4. 
decreased markedly during the 59 days the system was exposed to pure oxygen. 
A review of soil-science literature indicated that high oxygen tensions appear 
to have a detrimental effect on nitrifying microorganisms. 
was removed in January 1966 and the column was connected to a compressed-air 
line. Since that time, the column has shown an improved ability to convert 
organic and ammonia nitrogen into nitrates. 

Nitrification 

The oxygen supply 

The sporadic behavior of this sand filter during the past few months has 
also been attributed to difficulties encountered with the airflow through the 
column. It is evident that capillary forces form a saturated zone above the 
supporting screen which prevents airflow. Modifications in the effluent air- 
collection arrangement have eliminated this problem. With continuous or semi- 
continuous airflow, a highly nitrified effluent is obtained. 

Fifteen additional columns were put into operation in October 1965. 
Seven of these columns contained 0.56 mm sand while the remainder held 0.12 mm 
sand. 
nitrification was observed. 

The coarse sand filters required from 50 to 100 days before measurable 

Pondingoccurredon all of the fine-sand filters shortly after dosing 
began. 
from practical consideration. Moreover, significant nitrification was 
demonstrated only after 146 days. 

Infiltration rates were so l o w  that these systems had to be eliminated 

A l l  but two of the fine filters, therefore, were emptied in January 1966 
and refilled with the coarser medium. In an effort to develop these new Sys- 
tems more rapidly, sand from a previously acclimated filter was placed on top 
of the new sand columns. 
high degree of nitrification was obtained within 5 to 25 days. Figure 5 shows 
the results with one such column. 

Some nitrification was observed immediately and a 

155 



50 - The results of the research to 
date are somewhat limited with respect 
to the eventual impact of the study on 

TOTAL NITROGEN space travel, inasmuch as the project 
has been under way for less than one 
year. It is apparent that the accli- 
mation of intermittent sand filters can 
be accomplished rapidly using inoculum 
from other biologically active filters. 
In space vehicles, a spare sand filter 
could possibly be activated within a 
very short period using a frozen micro- 

40 - 

1966 bial population from a system 
aCClima-ted on earth. 

Figure 5.- Nitrogen content of effluent from seeded 
C O ~ W  15. 

DISCUSSION 

The total waste-water output from one man has been calculated to be about 
2500 ml/day (ref. 6) e 
have been estimated by Ingram (ref. 2) to be 5.5 to 13.5 liters/man/day giving 
a total of 8.0 to 15.0 liters/man/day. On the basis of the research on inter- 
mittent sand filters, 10.0 liters/day of settled municipal sewage could be 
treated with a column 20.6 cm in diameter at the dose rate of 30 cm/day cur- 
rently being employed. 
increased considerably with no adverse effects on the effluent quality. 
McMichael and McKee (ref. 5) recently completed a three-year study on the 
intermittent percolation of secondary effluent through soil beds. A high qual- 
ity effluent was obtained at percolation rates as high as 158 cm/day. This 
information leads to the conclusion that, after sufficient acclimatization, 
the dosage rates with settled sewage may be raised four to five times their 
present value. 
rate of application for settled sewage can be raised to 100 cm/day. 
rate, only 100 cm2 or a column 11.3 cm in diameter would be necessary to treat 
10.0 liters/day of settled municipal sewage. 

Additional water requirements for bathing and laundry 

It is anticipated that the present dose rate can be 

For purposes of this discussion, it will be assumed that the 
At this 

Before this information obtained from the experimental work can be 

The average components of urine are given in 
extrapolated to the waste waters in space environments, the strengths of the 
wastes must be compared. 
table I, after McKee (ref. 4). 
demand has been calculated. 
4,090 =/liter and the nitrogenous oxygen demand 50,700 =/liter. 
completely stabilized product from urine, approximately 55,000 mg/liter of 
oxygen would be necessary. 
have indicated an average chemical. oxygen demand of 8,350 %/liter and a 
nitrogenous oxygen demand of 42,500 %/liter based on samples from five 
subjects. 

From these data, an average theoretical oxygen 

To obtain a 

Experimental analyses during this research project 

The carbonaceous oxygen demand was found to be 

Water from respiration and perspiration constitutes another source of 
human waste water. Although the major mineral constituent of this water is 



!l%J3I;E I, - APPROXIMATE AVERAGE CONSTITLfENTS OF URLNE; AFTER MCKEE (FEZ'. 4)  

Determination mg/day mg/liter 
Water 1,400,000 -- 
Total Solids 53,200 38,000~ 

Inorganic 
Calcium 230 164 
Magnesium 95 68 
Sodium 4,200 3,000; 

Bicarbonate 140 100, 
Potassium 2,380 1 , 700 

Chloride 7,000 5,OOOa . 
Sulfur 1,120 800 
Phosphorus 840 600 

Aluminum 0.077 0 055 
Arsenic 0.023 0.016 
Copper 0 035 0.025 
Fluoride 1.54 1.10 
Iron 0.49 0.35 
Lead 0.028 0.02 
Manganese 0.049 0 035 
Nickel 0.21 0.15 
Selenium 0.035 0 , 025 
Si l icon 9.10 6.5 
Tin 0.013 0.009 
Zinc 0.36 0.26 

Trace elements 

Organic 
Urea 30,000 21,400: 
Other N-compounds 4,700 3,360, 

Amino acids 2,100 1,500 
Creatinine 1,600 1,140 
Hippuric acid 350 250 
Uric acid 140 100 
Bil i rubin 50 36 
Creatine 56 40 
Indican 70 50 
Imidazole derivatives 170 121 
Purine bases 42 30 
Miscellaneous 140 100 

and misc. organic acids 2,320 1,650 
Carbonic acid 190 136 
Ci t r i c  acid 800 5 70 
Formic acid 60 43 
Lactic acid 210 150 
Oxalic acid 35 25 
Reducing substance 1,000 715 
Miscellaneous 25 18 

Vitamins, metabolites 50 36 
Hormones 100 71 

Lipids, carbohydrates, 

aExce s s ive 



sodium chloride, and small quanti t ies  of organic compounds arise from sweat 
and sebaceous gland excretions, the  water that leaves the  body and enters  the  
atmosphere is  the  r e s u l t  of evaporative processes and, consequently, almost 
pure H20. 
mineral and organic so l ids  remain on the  skin, t o  be dealt with l a t e r  i n  wash 
water. 

It w i l l  appear as the  condensate f romthe  cooling system. The 

I n  t h i s  analysis,  it is  assumed t h a t  feces w i l l  be collected separately 
from urine and stored indefini tely.  

A final major source of waste water consists of wash water f o r  sponge 
baths, laundry, and cabin cleaning. The exact nature of cabin washings can- 
not be readi ly  ascertained. It is assumed that such wastes w i l l  not exer t  a 
s igni f icant  carbonaceous o r  nitrogenous oxygen demand. Bathing and laundry 
wastes w i l l  contain body secretions and probably a large amount of detergent. 
Based on data presented by Wallman e t  al.  (ref. 7) and Ingram ( r e f .  2) the  
ac t ive  detergent concentration of wash water i s  estimated t o  be about 
700 %/ l i t e r .  
60 percent carbon, the  carbonaceous oxygen demand from t h i s  source alone is 
calculated t o  be 1120 = / l i t e r .  

Detergents typica l ly  contain 60 t o  70 percent carbon. Assuming 

The probable amounts of minerals and organic materials removed da i ly  from 
the  skin of an average adult  by washing have been l i s t e d  by Breeze (ref. 6) 
and shown herein as table 11. Assuming that these quanti t ies  a r e  contained 
i n  5.3 l i ters of combined bathing and laundry w a t e r ,  the  concentration of 
carbonaceous and nitrogenous compounds w i l l  be 161 and 75 %/liter, respec- 
t ive ly .  From these compounds and t h e i r  concentrations, it is  estimated that 
the  nitrogenous oxygen demand w i l l  be approximately 159 % / l i t e r  and the  car-  
bonaceous oxygen demand w i l l  be approximately 285 =/liter. 
1120 mg/liter from detergents, the  t o t a l  carbonaceous oxygen demand w i l l  be 
about 1405 mg/liter . 

Adding 

The estimated quant i t ies  and composition of the  various waste waters can 
now be summarized i n  t ab le  111. Thus, the t o t a l  oxygen demand is estimated 
t o  be 8620 = / l i t e r .  
the  s e t t l e d  sewage presently being fed the  b io logica l  sand filters. 
of the  inf luent  feed indicates a chemical oxygen demand of 200 t o  250 =/liter. 
The t o t a l  nitrogen, pr inc ipa l ly  organic and ammonia nitrogen, i n  the  s e t t l e d  
sewage ranges from 30 t o  45 =/liter as nitrogen. Nitrogenous oxygen demand, 
therefore,  amounts t o  138 t o  206 = / l i t e r .  . 
t o t a l  oxygen demand i s  450 mg/liter. The waste waters occurring during space 
t r a v e l  are seen t o  be about 19 times as strong as municipal waste waters with 
respect t o  the  t o t a l  oxygen demand. Recycling of a portion of the  wastes can 
reduce t h i s  discrepancy by a fac to r  of 2 t o  3. 

This value can be compared with the oxygen demand of 
Analysis 

Using the  maxim values, the  

I n  addit ion t o  the  problem of an extremely strong waste water, the  
r e l a t i v e  composition of the  waste must be examined. 
operations the  ideal r a t i o  of carbon t o  nitrogen i s  often given as 100:16. 
This value r e f l e c t s  t h e  average composition of l iv ing  organic matter. 
ac tua l  pract ice,  the  nitrogen component i n  sewage i s  often present i n  a 
r e l a t i v e l y  higher abundance. 

For t e r r e s t r i a l  treatment 

I n  

The s e t t l e d  sewage feed has a carbon-nitrogen 



TABLE 11. - PROBABLE AMOUNTS OF MATEBIAL REsIovED DAILY FROM THE SKIN 
O F  AN AVXRAGE ADULT BY WASHING [AFI'ER BRFJZZE (REF. 6) ]  

Component mglday 

Minerals 
Sodium 
Potassium 
Chlorine 
Calcium 
Magnesium 

Carbonaceous compounds 
Free f a t t y  acids 
Lactic acid 
Cholesterol 
Glucose 
Squalene and paraffins 
Triglycerides 
Waxes 

Nitrogenous compounds 
Urea 
T o t a l  amino acids 
Creatinine 
Uric acid 

1911 
800 
300 
800 
10 
1 

886 
420 
250 

75 
50 
19 
50 
22 

411 
330 
34 
20 
7 

TABLE 111. - ESTIMATED PER CAPITA OXYGm DEMAND OF WASTE WATERS I N  
SPACE IQJiVIRONMENT 

Volume of waste, Oxygen demand 

Range Value used &liter =/liter g/day/man 
Source ml/day/man Nitrogenous, Carbonaceous, Total, 

600-2100( 8) 1400 50 , 700 4090 76.8 Urine 

Condensate 
from cool- 
ing system iooo( 6) 0 0 0 

Bathing 1500-4500( 2) 2000 159 1405 3.1 
Laundry 3000-4000( 2) 3500 159 1405 5.5 

Cab i n  
cleaning 1000-5000( 2) 2000 

T o t a l  9900 
- 

N d e r s  i n  ( ) are references. 



ratio of about 2.5:l. 
of the waste water in space environments is calculated to be roughly 1:1.2. 
The effects of this ratio of constituents need to be investigated fully. 
Perhaps the inclusion of homogenized feces to the wastes w i l l  grove to be 
necessary to effect an optimum carbon-nitrogen ratio. 

From the data in table 111, the carbon-nitrogen ratio 

It should be noted that the problems associated with the high strength 
and the carbon-nitrogen ratio of the waste waters to be encountered in space 
travel are not unique to intermittent sand filtration. 
ciated with all aerobic treatment processes and should be evaluated for each 
process. These problems increase in magnitude if one envisions the treatment 
of urine alone. 
ratio of carbon to nitrogen becomes about 1:1.6. Although potable water may 
be recovered from wash water aLone by physicochemical techniques, such water 
may better be used to dilute urine before aerobic stabilization and to provide 
carbonaceous compounds for more effective biodegradation. 

Rather, they are asso- 

The total oxygen demand rises to 55,000 mglliter and the 

With optimum operating conditions and proper acclimatization, it is 
anticipated that intermittent aerobic sand filters will yield a stabilized 
effluent when dosed with the waste waters encountered in space vehicles. 
Before such a system can be considered practical, additional research of the 
type being undertaken at the California Institute of Technology is needed. 

RESEARCH OBJECTIVES 

The laboratory studies presently being planned can be summarized in a 
few paragraphs. Since urine is the major load factor in space vehicle wastes, 
the principal experiments will be concerned with the treatment of this waste 
water. From the Whittier Narrows investigation (ref. >) , intermittent aerobic 
sand filters can degrade all synthetic detergents almost LOO percent. Addi- 
tion of these compounds in the wash water is not expected to affect the treat- 
ment of urine adversely. 
observed awing to the improved carbon-nitrogen ratio. 

On. the contrary, beneficial effects might be 

Inevitably, the question arises as to whether to use natural urine or  a 
synthetic urine for such research. Synthetic urine has certain advantages, 
particularly that of constant composition. 
indicated that the artificial fluid does not behave like natural urine. To 
model exactly the composition of natural urine, it would be necessary to add 
well over 100 compounds to water. 
thetic urine differs significantly from natural urine in its physical and 
chemical behavior. The buffering capacity, for example, is greatly reduced. 
With these facts in mind, natural urine has been selected for this research 
project . 

Some investigators, however, have 

Using only the major constituents, syn- 

The initial studies with natural urine will begin very shortly in order 
to acclimate the intermittent sand filters to this feed. 
colwxns will be dosed with full-strength urine. 
fed urine at dilutions ranging from 1:2 to 1:lOO. 

Several ripened 
The remaining systems will be 
Once the biological system 

160 



become adapted to this new waste the effects of other parameters will be 
examined. In particular, the dose rate and airflow rate will be varied. 
this manner, optimum operating conditions can be established. 

In 

Another series of studies to be made in the future concerns the breakdown 
of specific components of urine in the biological filters. Urea is the major 
organic constituent of urine with an average concentration of about 
21,400 mg/liter (see table I). Of the remaining organic material, creatinine 
at a concentration of 1,140 mg/liter is the most prevalent. 
pounds will be fed separately to sand columns acclimated to urine. 
ent will be carefully analyzed to ascertain metabolic information on the 
microbial degradation of urea and creatinine. 

These two com- 
The efflu- 

While it is not possible to study the effects of zero gravity directly, 
the intermittent sand filters can be arranged to minimize the effects of grav- 
ity. If the columns are placed in a horizontal or nearly horizontal position, 
the influence of gravity on the transmission of the urine through the column 
can be almost entirely eliminated. 
water through the column will be controlled primarily by capillary forces and 
the airflow. 

The distribution and flow of the waste 

In conjunction with this research project, I&. Albert Pincince is 
conducting a detailed study of oxygen transfer in intermittent sand filters 
to elucidate the mechanisms of oxygen transport in such treatment systems. 
The diffusion of oxygen into the sand matrix and to the microorganisms is 
being evaluated. 

As a final area of study, the effects of supplemental carbon on the 

Adding carbonaceous 
stabilization of the waste waters will be ascertained. 
this work are apparent from the earlier discussion. 
matter either from detergents or feces may be beneficial in the treatment of 
urine a 

The implications of 

CONCLUDING REMARKS 

As the manned space programbegins to shift its eqhasis to flights of 
long duration, many unique problems must be solved with respect to the spce 
habitat. One of the most vexing of these problems is the supply of potable 
water for the space travelers. 
systems would appear to involve an aerobic, biological process to stabilize 
the organic waste waters followed by some type of physical and/or chemical 
technique to produce the final, high-quality drinking water. 

The most reasonable approach to water recovery 

One aerobic treatment system that has not been investigated for space 
vehicles is intermittent filtration through fine porous media. This process 
offers certain inherent advantages in a zero-gravity environment. Although 
intermittent sand filtration is known to be an effective method of treating 
municipal waste waters, its ability to produce a stabilized effluent from the 
wastes to be encountered in space vehicles has not been evaluated. The 
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effects of dose rate, concentration of organic matter, and airflow rate must 
all be examined. 
mittent sand filtration does hold promise for use in space environments. 
possibility that such a system can solve some of the problems of waste 
disposal in space is worthy of thorough investigation. 

In spite of the lack of experimental information, inter- 
The 
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THE SPIN-INERTIA CULTURE SYSTEM I N  WASTE TREZATMENT I N  

CLOSED SYSTEMS 

Clarence G.  Golueke and W i l l i a m  J Oswald 

Sanitary Engineering Research Laboratory 
College of Engineering and School of Public Health 

University of California, Berkeley 

An e s sen t i a l  charac te r i s t i c  of many of the  biological  systems intended 

A s  the statement implies, the  
f o r  use i n  l i f e  support i n  closed environments is the  aerobic breakdown of the 
wastes by bacter ia  and other microorganisms. 
eff icacy and efficiency of such systems increase w i t h  increase i n  the number 
of microorganisms functioning a t  the maximum a c t i v i t y  permitted by t h e i r  
genetic makeup and a t  the  r a t e  a t  which needed oxygen i s  made available t o  
these organisms. Therefore, the objectives of research i n  biological  systems 
generally a re :  
the desired bacter ia  function most effectively,  (2) t o  develop methods of 
establishing these conditions, (3) t o  f ind ways of maintaining dense cultures 
of the organisms under these conditions, and (4) t o  make oxygen available t o  
the organisms i n  such a manner t h a t  it does not l im i t  t h e i r  a c t i v i t i e s .  
Dense cultures a r e  needed because, i n  space applications, volume and weight 
must be kept a t  a minimum. 
bac t e r i a l  cul ture  is the water i n  which the organisms a re  suspended, t h i s  
consti tuent  is obviously the  one t o  be reduced. 
able form is  one of the  major problems i n  biological  s t ab i l i z a t i on  of wastes, 
t ha t  is  t o  a t t a in  a oxygen t rans fe r  rate from ambient gas t o  c e l l  a t  a pace 
commensurate with the  oxygen needs of the microorganism. Among the  pr incipal  
methods of accomplishing t h i s  t rans fe r  are: 
c u l t u r e  and (2)  agi ta t ion.  
photosynthesis, t ha t  is,photosynthetic oxygenation. Plants usually employed 
i n  t h i s  l a t t e r  method a r e  the  planktonic algae. 

(1) t o  determine the  nature of those conditions under which 

Since the major fac tor  with respect t o  weight of a 

Supplying oxygen i n  an ava i l -  

(1) bubbling a i r  through the 
A t h i r d  method o f  supplying oxygen i s  by 

The pr incipal  subject  of t h i s  paper is  a survey of the research done i n  
our laboratory t o  a t t a i n  the  four objectives l i s t e d  above. 

Our approach t o  the  problem of waste treatment i n  space took the  form of 
attempting t o  miniaturize the system we had developed f o r  t e r r e s t r i a l  appl i-  
cations. This system essen t ia l ly  consists  i n  growing a symbiotic cul ture  of 
algae and bacter ia  and associated microorganisms in l iquid or l iquef ied wastes. 
The ro le  of the  nonphotosynthetic members is  t o  decompose the  organic f rac t ion  
of the wastes t o  forms t h a t  can serve as nutr ients  f o r  the algae. 
i n  turn, convert these transformed wastes t o  a l g a l  ce l l u l a r  material  and 
release oxygen f o r  use by the  nonphotosynthetic organisms. 
vested and fed t o  l ivestock.  Inasmuch as the unstable organic matter i s  
converted t o  algalbiomass,  which i s  removed from the  system, the waste waters 
have, i n  e f fec t ,  been converted t o  usable waters. 
with regard t o  the waste treatment aspect per se is the  manner i n  which the  
waste waters a r e  oxygenated. 

The algae, 

Algae a r e  bar-  

An advantage of the  system 

Rather than depend upon the  di f fus ion of 



atmospheric oxygen, oxygen is obtained from the  water itself and i s  produced 
i n  a molecular form dis t r ibuted throughout the  l i q u i d  since the photosyn- 
thesizing algae a r e  dispersed throughout the cul ture  medium. 

Although the  system works very w e l l  i n  terrestrial applications, ce r ta in  
d i f f i cu l t i e s  stemming from the  rel iance upon photosynthesis f o r  oxygen are 
encountered i n  applying it t o  space environments. 
w e l l  known t o  warrant fu r ther  belaboring, except t o  state tha t  they a r i s e  from 
the need t o  illuminate the  culture, and when a photosynthetic gas exchange 
system is used t o  bring 
To ensure most e f f i c i en t  use of l igh t ,  shallow cultures are required -- about 
3.5 mm deep. Unfortunately, the  shallower the  culture, the  more surface 
area is  required, s o  t h a t  even a t  very small cul ture  volumes, the  surface area  
may be qui te  large.  
complicated operation when it comes t o  providing gas exchange. One can ea s i l y  
imagine the  d i f f i c u l t y  i n  forcing gas through a sheet of cul ture  3.5 mm deep 
(thickness) and encased i n  a conventional growth un i t .  

The d i f f i c u l t i e s  are too 

C02 i n to  the  culture and t o  remove oxygen from it. 

Moreover, the  use of shallow (fi lm) cultures becomes a 

Rather than abandon as impractical the concept of using photosynthesis 
i n  waste treatment i n  l i f e  support systems, we sought t o  solve the attendant 
problems by developing a growth un i t  t ha t  would minimize or even eliminate 
them. 
Our search led t o  the  development of the  algatron system, namely, one i n  
which a cul ture  is  grown as a f i lm on the w a l l  of a mechanically rotated drum. 
If the  cul ture  were algae, the drum would be transparent.  I n  retrospect ,  our 
choice of the  name "algatron" w a s  unfortunate i n  t h a t  it implies a l imi ta t ion 
t o  a l g a l  culture,  whereas the system is  applicable t o  any s i tua t ion  i n  which 
ins tan t  mixing and a high r a t e  of gas exchange a r e  desired. 
b e t t e r  designation would have been the  one used i n  the t i t l e  of t h i s  paper, 
t ha t  is, "spin- inert ia culture sys tem. 'I 

Such a un i t  would have t o  depart radical ly  from a conventional design. 

Perhaps a 

Since deta i led  descriptions of the  principles involved i n  the design and 
operation of the algatron have been presented i n  previous papers ( r e f s .  1 abd 
2 ) ,  only a br ie f  descript ion is given a t  t h i s  time. As  s t a ted  above, it 
consists  of a mechanically rota ted drum. A s  the  drum rota tes ,  the f r i c -  
t i o n a l  drag of i t s  w a l l  on the  cul ture  imparts a rota t ion t o  the cul ture  
t ha t  is  essen t ia l ly  equal t o  i t s  own. Under the applied forces, the culture 
suspension flows out of a reservoir  and spreads as a v e r t i c a l  sheet upon the 
inside of the rota t ing drum. The algatron is operated as a chemostatby the 
i n s t a l l a t i on  of inf luent  in ject ing and effluent  decanting devices. 
inf luent  system can consist  of any sui table  in ject ion mechanism. 
system preferably should be a decanting scoop positioned such t h a t  it is a 
distance from the drum w a l l  equal t o  t h a t  of the  depth of the  cul ture  when 
it has reached the  desired volume. 
volume of the  cul ture  such t h a t  i t s  depth exceeds the clearance between the 
scoop and w a l l  results i n  the removal of the excess l iquid .  
e f fec t ive  mixing is accomplished by placing a probe i n  the  path of the  
rota t ing l iquid .  
lent  mixing occurs and thus brings about rapid and continuous renewal of the 
cul ture  surface and consequent gas exchange between cul ture  and ambient 
atmosphere. 

The 
The eff luent  

Any inject ion of media t h a t  increases the  

An extremely 

The introduction of the  probe creates a wake where turbu- 



The principles of the  design and operation of a horizontally oriented 
algatron a re  much the  same as those f o r  a v e r t i c a l  system. 
ences are those concerned with the  v e r t i c a l  climb of the  l iqu id  and the  
reservoir  design. 

The chief differ- 

In our research during the  past  two years, we have tried t o  improve the  
design of the  algatron system and investigate the  efficacy of various models 
of the system with respect t o  a l g a l  yield,  a l g a l  nutr ient  removal, waste 
treatment, and reaeration. 
used, three  v e r t i c a l  and one horizontal.  

Four d i f fe ren t  models have been developed and 

Materials and Methods 

The first model of the  algatron was a simplified version, with the drum 
30 ern i n  diameter and 25.4 em high. 
concerned with a l g a l  yield,  a full description of which has been published 
( re fs .  1 and 2) ,  no fur ther  mention of the  un i t  w i l l  be made i n  t h i s  paper. 
The second model was constructed of Plexiglas according t o  the  design d ia-  

Since it was used sole ly  fo r  experiments 

grammed i n  f igure l. As  indicated by 

L.1 c m 4  
, n d A D J U S y  SUPPORTS 

U U 

Figure 1. - Algatron, second model. 

REFLECT01 

Figure 2. - Lamp arrangement around algatron, tap view. 

the diagram, a trough i s  placed a t  the  
base of the  ve r t i ca l  w a l l  of the  un i t .  
The trough serves as a reservoir f o r  
the  a lga l  suspension when the  un i t  i s  
not revolving. In  e a r l i e r  experiments, 
t h i s  algatron w a s  completely enclosed 
by two p l a s t i c  hemispheres designed t o  
a c t  as a l i g h t  chamber. However, the  
chamber proved t o  be ineffective as a 
l i g h t  diffuser,  and i n  later experi- 
ments the  upper hemisphere was removed 
and the l ight ing arrangement shown i n  
f igure 2 was  substi tuted.  
l i m i t  of the  number and the  wattage of 
the  lamps i n  the  second arrangementwere 
determined by the rate of heat loss 
from the culture.  With the number and 
intensi ty  of the  lamps shown i n  figure 
2, the temperature of the  culture 
varied from 32' t o  35' C. The rota t ion 
of the  drum, as w e l l  as the presence of 
a large specif ic  l iquid-air  surface of 
about 1 cm2/cm3, served t o  prevent the  
buildup of heat t h a t  normally would 
have accompanied the pouring of an 
equivalent amount of l i g h t  energy in to  
a culture growing i n  a conventional 
u n i t ,  unless the  lat ter  were equipped 
with an elaborate cooling system. 

The upper 
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The t h i r d  version of the algatron system differed from the  second mainly 
i n  the  height of the  drum, which was 1.23 m. 
shown i n  f igure  3. 

The essentials of i t s  design are 
Because of the height of the  dmun, provision had t o  be 

made f o r  transporting cul ture from the  
base t o  the  top of the uni t ,  and the  
drum i n t e r i o r  had t o  be equipped with 
perforated ledges so t h a t  the  cul ture  
could be d is t r ibuted  uniformly from 
top t o  bottom. Distr ibut ion w a s  accom- 
plished by scooping up the  cul ture a t  
the base of the u n i t  and discharging it 
just  above the  top ledge. Perforations 
i n  the  ledges allowed the  cul ture t o  
return t o  the  bottom of the  un i t .  A 
measured port ion of the  recirculat ing 
l iquid  w a s  discharged as ef f luent  by 
insert ing a "T" i n  the rec i rcula t ion  
l i n e  and divert ing a determined amount 

IRCULATION DISCHARGE 

FORATED LEDGE 

METAL TUBE - SUPFORT FOR 

CONDUIT FOR INFLUENT, 
PROBES AND SCOOP, AND 

EFFLUENT, AND RECIRCULATION 

RECIRCULATION AND EFFLUENT 

Figure 3.- Algatron, third model. 

of the  l iqu id  t o  the  exter ior .  The energy required f o r  moving the  l iquid  
through the  rec i rcula t ion  and ef f luent  l ines  was t h a t  imparted t o  the l iqu id  
by the  ro ta t ion  of the uni t .  The arrangement of rec i rcula t ion  scoop, mixing 
probes, inf luent  and rec i rcula t ion  discharges are shown i n  f igure 3. In  the  
experiments described i n  t h i s  paper, two such un i t s  were operated i n  tandem. 
By force of necessity, the  un i t s  were rather  inadequately illuminated by five 
500-W G. E. "Quartz1ine"lamps arranged i n  a semicircle i n  f ront  of the  two 
units .  A magor disadvantage with t h i s  l i g h t  arrangement w a s  t h a t  the cul ture 
could nei ther  be b i l a t e r a l l y  illuminated nor i r radia ted  uniformly from top t o  
bottom. 
top extremities t o  3000 f t - c  over a l5-cm band a t  a zone midway up the  
cylinders and d i r e c t l y  i n  l i n e  with the  lamps. 

For example, l i g h t  in tens i ty  ranged from 45 f t - c  a t  the  bottom and 

The fourth model, a horizontal  drum 15 cm i n  diameter and 13.5 em long, 
was used t o  determine the  reaerat ion r a t e  of the l iquid  contained i n  the  unit.  
The ra tes  obtained may be used as indicators of the  extent of gas exchange 
t h a t  can be expected i n  such a un i t .  

'Domestic primary sewage was used as the suspending medium. I n  some 
experiments, the sewage was enriched and blended (Waring blendor) with f resh  
feces and urine i n  amounts cal led f o r  by-the experiments; i n  others,  with urea 
(300 mg/l i ter)  . Except i n  experiments with the f i r s t  model, i n  which a 
1 percent C02 concentration was kept i n  the gas t o  bathe the  cul ture,  ambient 
air  and the  respiratory gas of bac ter ia  const i tuted the CO, sources. 

The predominant a l g a l  species generally belonged t o  the  Chlorella group, 
although no attempt was made t o  control  algal or b a c t e r i a l  types. 
ce r t a in  circumstances, t h a t  is, those i n  which retent ion time of the  biomass 
was prolonged, Osci l la tor ia  predominated. 
bac ter ia .  
t h a t  they were those normally associated with human wastes. 

Under 

No attempt was made t o  ident i fy  the  
However, because of the  nature of the  medium, it is safe t o  assume 
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RESULTS 

Detention period 
(days 1 

Second Model of t h e  Algatron, Yield 

Yield 

The pr incipal  fac tors  studied with t he  second model were l iqu id  and 
biomass detention periods and l i g h t  in tensi ty .  
experiments are l i s t e d  i n  t ab le  I. 

The r e s u l t s  obtained i n  the  
The general uniformity of l i g h t  in tens i ty  

0.31 
.36 
.42 
-74 
* 99 
1.26 
1.29 
1.50 

' 1.66 
1.71 

I 2.74 

TABLE I. - ALGAL YIELD I N  THE SECOND MODEL OF THE AGATRON 

Liquid 

1.6 
1.0 

1.8 
1.0 

1.0 

e75 

-75 

*75 
.44 
.44 
.36 

Light intens i tyb  
( f t  -c) 

Biomass 

1.6 
1.0 

1.8 
1.0 

1.2 

3.0 
2.0 

-75 

-75 

* 95 

-75 

R X P ~  Outside 

3.24 
3.82 
4.45 
7.81 
10.54 
13 - 33 
13.62 
15 -87 
14 077 
15.22 

~ 23.45 

surface' I -- 
1 150 
2 150 
3 150 
4 200 
5 200 
6 200 

8 I 225 225 
9 100 
LO 100 
11 100 

150 
150 
150 
200 
200 
200 
225 
225 
6000 
6000 
6000 

~ 

Inside 
sur: 

Min g/ l i ter /day 

See t ex t  f o r  important environmental conditions other than those a 

bAt cul ture  surface. 
'Surface of cul ture  facing lamps external  t o  drum. 
dSurface of cul ture  facing fluorescent lamps inside.  
eEased on only one of the  two illuminated surfaces of the  cul ture .  

l i s t e d  i n  the t ab l e .  

i n  the  first  eight  experiments w a s  due t o  the  f a c t  t h a t  the  algatron was 
enclosed i n  a l i g h t  chaniber. The ineffectiveness of the  chamber is indicated 
by the  low l i g h t  i n t ens i t i e s  a t  the  cul ture  surface despi te  the  use of f i ve  
500-W "Quartzline" lamps as the  l i g h t  source. 
l i s t e d  f o r  the  last  three  experiments (upper hemisphere removed) were those 
prevailing between the incandescent lamps, and the  maximum were those i n  a 
zone (about 15 ern i n  diameter) d i r e c t l y  i n  f ront  of the  lamps. 

The minimum l i g h t  i n t ens i t i e s  

The removal of t he  upper hemisphere, as w e l l  as t he  unusually complete 
mixing of the  cul ture ,  resul ted i n  a very high rate of evaporation. 
example, from 75 t o  95 percent of the  rapid turnover of l iquid ,  indicated by 
the  short  detention periods i n  experiments 9, 10, and 11, resul ted from t h e  
removal of water from the  cul ture  by evaporation. 

For 



A s  the  data i n  t ab l e  I indicate,  d a i l y  yie ld  of algae per l i t e r  of 
cul ture  increased with increase i n  l i g h t  in tens i ty  and a l s o  with decrease i n  
detention period of t he  biomass. The lower r a t i o  between yie ld  per square 
meter of surface and yie ld  per l i t e r  i n  the  first  eight  runs w a s  due t o  the  
f a c t  t h a t  the volume of the  cul ture  was 5.2 liters i n  runs 9 and 10 and 
5 l i te rs  i n  run 11, as compared t o  6.2 l i t e r s  i n  the  first eight  runs. 

Second Model, Organic and Nutrient Reduction 

The extent of the  organic and nutr ient  removal from the  influent  wastes 
with the  second model is indicated by the data i n  t ab le  11. The influent  

TABLE 11.- ORGANIC AND ALGAE N U T R a N T  REDUCTION W I T H  THE SECOND MODEL 

Human 
Run proport ion 

(organic ) 

1 0.185 
2 .222 
3 .444 
4 .666 

I Human 
Run 1 proportion 

(organic) 

1 0 -185 
2 .222 
3 .444 
4 .666 

HUman 
Run proport ion 

(organic) 

1 o .185 
2 .222 
3 ,444 
4 .666 

medium used in  t h i s  s e r i e s  of 

BOD - >-day I 
Influent Effluent Reduct ion 

(%/ l i t e r )  (%/ l i t e r )  (percent) 

242 14 94 
288 18 94 

810 79 90 
530 65 88 

Kjeldahl-N 

Influent Effluent Reduct ion 
(%/liter) (%/ l i t e r )  (percent) 

146 55 
170 30 
310 62 
450 152 

62 
82 
80 
66 

Influent Effluent . Reduct ion 
(%/ l i t e r )  (%/liter ) (percent ) 

experiments consisted of sewage enriched with 
f resh  human feces and urine. 
equivalent of 0.185 t o  0.666 of the  da i l y  output of one of the  75-kg subjects .  

The amount of added wastes ranged from the  
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I n  analyzing the data on eff luent  qua l i ty  and percent reduction, it 
should be remenibered tha t  the data a re  based on a materiafthat became" highly 
concentrated because of the l o s s  of the  greater  portion of the  incoming water 
(about 57 percent) .  
absence of evaporation and with a l l  of the  water discharged as eff luent  can be 
estimated by multiplying the values given i n  table I1 fo r  ef f luent  concentra- 
t i o n  by 0.43. 
i n  concentrations of t he  various influent  elements w i l l  be correspondingly 
higher than those l i s t e d  i n  the  table, and from 0.038 t o  0.153 m? of drum w a l l  
area w i l l  be required per kilogram of body weight t o  t r e a t  body wastes t o  the  
extent general ly demanded i n  t e r r e s t r i a l  applicat ions.  Although the biochemi- 
c a l  oxygen demand (BOD) (>-day) obtained i n  experiment 10 was qui te  high (on 
the order of 23.4 g/m2 of reactor surface) , the  BOD of the e f f luen t  was too 
high f o r  d i r e c t  use. 
through a second algatron.  

The concentration of the  various consti tuents i n  the  

If such an estimate i s  used, the  values fo r  percent reduction 

This d i f f i c u l t y  could be m e t  by passing the  eff luent  

The calcium and magnesium concentrations of the influent  and eff luent  
were a l so  determined. 
algatron, the  calcium concentration of the  eff luent  w a s  from 0 t o  15 percent 
greater  than that of the influent .  However, i f  the  evaporative losses are 
considered, a reduction of 36 t o  55 percent occurs. The discharged eff luent  
concentration of magnesium was from13 t o  18 percent greater  than that  of the  
influent .  
decrease, and the  reduction of incoming magnesium would range from 23 t o  
43 percent. 
increase i n  influent  concentration of these elements. 

I n  t e r m s  of concentration as discharged from the  

When evaporative losses are considered, the increase changes t o  

Percentage reduct ion i n  calcium and magnesium increased with 

Second Model, Water Regeneration 

Water evaporation r a t e s  were measured regularly.  This evaporated water 
may be condensed and used t o  meet the  water requirements of the  crew of a 
space vehicle; inasmuch as it is a low temperature d is t i l led  water, it is 
free f romthe  objectionable d i s t i l l a t e s  that  would be present i n  water pro- 
duced by conventional high temperature d i s t i l l a t i o n  of untreated wastes. 
During a three-month period of observation, the  rate w a s  1.6 l i ters/ l i ter  of 
culture volume, o r  17.3 l i t e r s / m 2  of cul ture  surface. 
regeneration obtained i n  the  experiments indicates that t h i s  function can be 
ea s i l y  carr ied  on i n  an integrated system. 

The high rate of 

Third Model, Algae Nutrient Removal 

Experiments completed w i t h  the  t h i r d  model of the  algatron were concerned 
mainly w i t h  nutr ient  removal since inadequate l igh t ing  made s tudies  concerned 
with yie ld  impractical. A s  stated before, two un i t s  of th i s  model were b u i l t  
and operated i n  tandem. Unit B was equipped with a blower f o r  forcing a i r  
through the  i n t e r io r  of the  column. Because of the absence of an i n t e r io r  
vent i la t ing system, the rate of evaporation from uni t  A was  much less than 
that from u n i t  B. 



Data obtained during the  experiments are l i s t e d  i n  t ab le  111. The 
vo la t i l e  dissolved so l ids  of t he  incoming medium were reduced by 29 percent 

TABLE 111.- ALGAE NUTRIEJXT REMOVAL I N  THE THIRD MODEL 

I t e m  

Total  dissolved so l ids  
Volati le  dissolved so l ids  
Total  nitrogen 

Organic -N 
Ca l c  ium 
Magne s ium 
PO4 

"4 -N 

Influent" 
(mg/liter) 

Final  ef f luenta 
(%/liter ) 

un i t  A { Unit ~b 

394 w 
31 
8 

23 

31 
7 

a 

320 
85 
28 

9 
9 
17 
39 
7 

Reduction of 
materiala 

aAverage values of four experimental runs. 
%nit B w a s  equipped with a blower f o r  forcing a i r  through the 

length of the drum. 

i n  unit  A and 43 percent i n  B; t o t a l  nitrogen by 71 t o  74 percent; NHL-N by 
84 t o  82 percent; C a  by 80 percent i n  A and 42 percent i n  B; and PO4 by 
53 percent i n  both. Magnesium concentration was decreased 10 percent i n  
uni t  A and increased 18 percent in  uni t  B. 

Fourth Model, Reaeration 

Since one of the  advantages of the  algatron i s  the high rate of gas 
exchange possible, a study was made of the  r a t e  of aerat ion tha t  could be 
accomplished i n  t he  un i t .  An algatron with a horizontal ly oriented drum was 
used. Except f o r  feed and gas i n l e t  and eff luent  por ts ,  the  drum w a s  sealed 
a t  both ends. Except for the  use of 24-hour s e t t l ed  sewage i n  one s e r i e s  of 
experiments, boiled d i s t i l l e d  water w a s  used a6 the  l iqu id  i n  most of the  
experiments. The sewage w a s  used because i ts oxygen demand would increase the  
amount of oxygen required t o  reach sa tura t ion and thus provide a wider range 
of oxygen uptake than w a s  possible with d i s t i l l e d  water. Oxygen uptake rates 
were determined with the  drum s ta t ionary and with it rota t ing,  the  former 
serving as a control .  
l e n t  t o  detention periods of 0.66 t o  3.2 minutes. (The shor tes t  possible 
detention period with the  equipment w a s  0.66 minute.) 
were used, 500 and 750 ml. The surface-to-volume r a t i o  of the s ta t ionary 
l i qu id  a t  the  former volume w a s  0.36 and a t  the  l a t t e r ,  0.26. 

Liquid was  passed through the  system at  rates equiva- 

Two volumes of l iqu id  



The r e s u l t s  obtained i n  the  experiments are l i s t e d  i n  t ab le  I V .  A s  t h e  
data indicate,  w i t h  t he  d i s t i l l e d  water volume a t  500 m l  (21 percent of the  

In f luen t  Volume 

Run Dissolved oxygen Detention period liquid 
l iquid,"  of 

i n  
u n i t  
(a) 

1 2.9 27 0.75 750 
2 2.9 27 1.2 750 
3 2.3 22 .66 500 
4 2.3 22 1.0 500 
5 2.3 22 2 .1  500 

500 6 .6 5 .66 
500 7 .6 5 1.0 

8 .6 5 3.6 500 

(percent (min) 
'%/liter) s a tu ra t ion )  

TABU 1V.- RATE OF OXYGENATION I N  TKE HORIZONTAL ALGATRON 

Stat ionary  Rotating 
Surface- 

volume 
t o  - Dissolved oxygen Dissolved oxygen 

(percent  (percent 
r a t i o  (m@;/liter) saturation) (mg/ l i te r )  satmation) 

0.26 4.1 42 8.4 87 
.26 4.5 45 9.3 100 
.36 5.0 56 9.6 101 
.36 4.7 48 10.6 105 
.36 4.6 48 10.6 106 
.36 1.6 17 7.7 83 

2.5 26 9.3 98 
2.6 26 9.5 98 

.36 

.36 

volume of the  drum), ro ta t ing t he  drum brought about a dissolved oxygen con- 
centrat ion s l i g h t l y  i n  excess of sa tura t ion a t  a l l  detention periods t r i e d .  
Saturation ranged from 48 t o  56 percent with the  drum stat ionary.  A t  a volume 
of 750 ml (31 percent of drum capacity) , 100-percent saturat ion w a s  reached a t  
the 1.2-minute detention period when the  drum was rota t ing,  and 45 percent 
when s ta t ionary.  Lengthening the period t o  5.2 minutes increased sa tura t ion 
t o  49 percent when the  drum w a s  s ta t ionary,  and 104 percent with the  drum 
ro ta t ing .  The r a t e  of reaerat ion was considerably l e s s  when sewage w a s  used 
and the  d r u m  kept stat ionary,  ranging from 17 t o  26 percent a t  detention 
periods of 0.66 t o  3.6 minutes, and from 83 t o  98 percent with the drum 
rota t ing.  The volume of t he  l i qu id  w a s  500 m l  i n  both cases. 

DESIGN OF AN INTEGRATED SYSTEM 

Using the  r e su l t s  obtained i n  the  experiments, e spec ia l ly those  l i s t e d  
i n  t ab le  11, it i s  possible t o  design an integrated biological  system f o r  a 

s iders  waste treatment, nutr ient  removal, and water production. It is not 
complete i n  that it does not include oxygen production ( for  human consumption) 
and COz absorption. According t o  the  design, t he  da i l y  wastes of a single 
astronaut would be converted t o  21 l i t e r s  of l i qu id  wastes having a 17-g BOD 
(>-day), 9.5 g of nitrogen, and 3.1 of phosphate. 
applied t o  a primary algatron having a cul ture  volume of 7.5 l i t e r s  or 0.7 m2 
w e t  (cul ture)  surface area .  Effluent from the  primary drum, approximately 
0.1 l i t e r  i n  volume (less i n  volume than tha t  of the influent  because of 
evaporation), would be applied t o  a secondary algatron.  

standard" astronaut.  The design, summarized schematically i n  f igure 4, con- 11 

This l i qu id  would be 

The drum area of the  



ASTRONAUT - - - - - 

12 liter w 2 1 . 4  literlday CONDENSED H20 

INFLUENT FOOD 
FOR 21.4 liter/day 

I7 g BOD/day 
9.5 g Uday 

3.1 g Po4/day 

5.2 titer 

L E G E N D  

ijg ~.P.S.B. CULTURE 
,"..)T#. "#.-.,, 

A D  

IA31 t UAl tK 
SEPARATED BIOMASS --- 

SLUR 
"POLISHER" I P R O C E S S I N G ~  

REMOVES EXCESS BOD '----A 
IRY OR SOLID REMOVES EXCESS N 

FRESH WATER OR WATER VAPOR ---- 
Figure 4.- Schematic diagram of integrated system. 

secondary algatron would be 0.3 $. Thus, the  t o t a l  drum area would be 1 m2 
and the  t o t a l  cul ture  volume, 10.3 l i ters .  

Effluent from the secondary algatron, about 3.9 l i t e r s  i n  volume, would 
be mixed with the  wastes applied t o  the  primary uni t  or evaporated t o  produce 
water and dry so l ids .  
specialized decomposition. From 17 t o  21 liters of low temperature d i s t i l l e d  
water would be produced each day by t h e  system. The concentration of biomass 
would be maintained at  2000 %/li ter ,  preferably with a continuous recircula-  
t i o n  of biomass operating i n  conjunction with an opt ica l  density sensing and 
control device. 

The lat ter  could be stored or subjected t o  fur ther  

A bulk of about 20 g of biomass would be removed from the system each 
day, dried, and then stored. 
removed. 
the system as designed. 

In t h i s  way, carbon and other nutr ients  would be 
Storage as w e l l  as treatment would be en t i r e ly  odorless functions i n  



DISCUSSION 

Problems 

A s  is t o  be expected when dealing with any novel system, several  problems 
of design and operation must be solved before the fu l l  potent ia l  of the 
algatron can be real ized.  One of the  questions t o  be answered is that of the 
r e l a t i ve  merits of the  v e r t i c a l  over the horizontal  drum, o r  vice versa. A 
v e r t i c a l  drum maybe easier t o  illuminate b i l a t e r a l l y .  The culture would be 
more uniformly d i s t r ibu ted  along the length of a horizontal  drum than up and 
down the  w a l l  of a v e r t i c a l  drum. 
phases ( i . e . ,  maintenance of heavy concentration of biomass) might be d i f f i-  
cu l t  t o  maintain i n  a horizontal  drum because of the washing act ion brought 
about by the in teract ion of the rota t ing w a l l  and the  pool of l i qu id  t h a t  
normally would be at  the bottom of the  drum. 
be answered a re  the  r e l a t i v e  merits of large  versus small uni ts ,  and of t a l l  
versus squat uni ts .  
concerned w i t h  biomass concentration, detention periods, and in te rna l  
reci rcula t ion.  

However, separation of so l i d  and l i qu id  

Construction design questions t o  

Operational features t o  be more f u l l y  explored a re  those 

Potent ia l  

We have only begun t o  explore the  potent ia l  of t he  algatron w i t h  regard 
t o  waste treatment. The work thus far has been accompanied by very encourag- 
ing results. Thus, the  experiments involving the  treatment of human wastes 
indicated t h a t  the  wastes of an individual could be suf f ic ien t ly  t reated w i t h  
the use of 3 or  4 m2 of algatron surface area. A s  our experimentation pro- 
gresses, these r a t i o s  of surface area  t o  s tabi l ized waste should decrease, 
since there  a r e  undoubtedly better operational procedures which we have not 
yet tried. 
centrated symbiotic (algae and bac te r ia )  biomass under conditions permitting 
the  applicat ion of very heavy organic and hydraulic loadings at very short  
detention periods with a minimum volume and weight of l i qu id  within the  reac- 
t o r .  
power requirements . 

One such procedure would involve t he  maintenance of a highly con- 

If successful, such an arrangement would sharply reduce construction and 

A combination of the algatron system w i t h  a very dense, highly ac t ive  
symbiotic biomass should result i n  a treatment performance superior t o  that  
achieved i n  the  l i g h t  exposed par t  of a reci rcula t ing,  t r i ck l ing  f i l t e r ,  
since, i n  the algatron system, the extent of contact between wastes and bio- 
mass and the development of concentration of ac t ive  biomass are greater ,  while 
the r a t e  of oxygenation is higher than tha t  i n  the  synibiotic mass. 
algatron system-active symbiotic biomass combination a l so  of fe rs  the advan- 
tages of a high rate act ivated sludge system without most of i t s  disadvantages. 
An in tens i ty  of oxygenation greater  than tha t  i n  an act ivated sludge system i s  
a t ta ined because of a constant supply of oxygen fromphotosynthesis i n  the  
biomass, and from the surface aera t ion that  is applied t o  the reci rcula ted,  
ins tan t ly  mixed, highly concentrated biomass. Moreover, the  degree of control  
of sludge separation f o r  reci rcula t ion and disposal  i s  greater  than that i n  
the  act ivated sludge system, a higher biomass concentration i s  a t ta ined i n  the  
reactor,  and a higher mass yield i s  possible. 

The 
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Because of i t s  design and operational character is t ics ,  the algatron may 
prove useful i n  the  breakdown of the residues that const i tu te  a d i f f i c u l t  
problem i n  the  applicat ion of b iological  systems t o  waste treatment i n  closed 
systems. The applicat ion could be made by concentrating the  residues and 
passing them through an algatron containing a cul ture  of the  organisms capable 
of u t i l i z ing  the  residues as a subst ra te .  
the  more complex polysaccharides, l ign ins ,  ch i t in ,  and cer ta in  pigments. 
Lignins and ch i t ins  a r e  read i ly  decomposed by cer ta in  fungi, some of which a r e  
filamentous, and most of which a r e  aerobic i n  metabolism. 
admirably suited t o  the  culture of filamentous organisms, since the  filaments 
a r e  held against  the  w a l l  of the  uni t  by centrifugal  force,  and yet  are 
continually bathed by the  waste waters receiving treatment. 

Constituents of these residues a r e  

The algatron i s  

CONCLUSIONS 

A consideration of the i n t r i n s i c  features of %he algatron and of our 
experience with it as described i n  t h i s  paper furnish sound reasons f o r  
believing tha t  the  algatron can be used t o  advantage in  waste treatment in  
closed systems. 
tem serves as our closing statement: 
layer cul ture  can be maintained with a minimum of hardware and supporting 
equipment; (2) i n  cultures of photosynthetic organisms, a high illuminated 
surface-to-volume r a t i o  i s  provided; (3) a very high r a t e  of gas exchange i s  
accomplished with a minimum expenditure of energy because of the high surface- 
to-volume r a t i o ,  of the  vigorous and ins tant  mixing, and surface renewal; and 
(4)  a heavily concentrated biomass can be maintained under optimum conditions 
with very l i t t l e  expenditure of hardware, supporting equipment, and energy. 

A l i s t  of the pr incipal  character is t ics  of the algatron sys- 
With the  algatron system: (1) a thin-  

ACKNOWLEDGEMENTS 

The research reported herein w a s  sponsored i n  par t  by the  A i r  Force 
Cambridge Research Laboratories, Office of Aerospace Research, under Contract 
No. AF 19(628)-2462, and by the  Sanitary Engineering Research Laboratory of 
the University' of California.  

, 

REFERENCES 

1. Golueke, C .  G.; Oswald, W .  J.; and Gee, H .  K.: A Study of Fundamental 
Factors Pert inent  t o  Microbiological Waste Conversion i n  Control of 
Isolated Environments. 
Univ. of Calif.,  Berkeley, 1964. 

F i r s t  Tech. Rep. sERL-64-5, San. Eng . R e s .  Lab ., 

2.  Golueke , C . G .; and Oswald, W.  J : The Algatron - A Novel Microbial 
Culture System. Sun a t  Work, vo l .  11, 1966, pp. 3-9. 



DESIGN AND EVALUATION OF C m C A L L Y  SY3lTf-IESIZED 

FOOD FOR LONG SPACE MISSIONS 

By Jacob Shapira 

Ames Research Center 

A major consideration i n  terms of weight and volume f o r  long space 
missions i s  the food requirements of the astronauts. Any po ten t ia l  method f o r  
regenerating a portion of the d i e t  from metabolic products warrants invest iga-  
t ion.  Although considerable e f f o r t  has been and i s  being made t o  evaluate 
bioregenerative systems f o r  food production, the theore t ica l ly  greater  advan- 
tages of chemical synthesis of d ie tary  components have a t t rac ted  r e l a t i ve ly  
l i t t l e  a t tent ion.  This report w i l l  survey the l i t e r a t u r e  on synthetic methods 
which might be adapted f o r  the production of edible carbohydrate and fa t  in  
the space environment. 

The selection of carbohydrate and fa t  f o r  study was dictated by the f a c t  
tha t  they serve as the major source of ca lor ies  i n  the normal d i e t .  O f  the 
two,  f a t  has a much higher ca lor ic  density and therefore smaller amounts would 
be required. It i s  possible t ha t  l e s s  than 10 percent of the t o t a l  food 
requirements of the astronaut would have t o  be carr ied along and would supply 
only those components of the d i e t  t ha t  are d i f f i c u l t  t o  synthesize, such as 
essen t ia l  amino acids, unsaturated f a t t y  acids, and vitamins. Even these 
might be provided by incorporating in to  the d i e t  r e l a t i ve ly  small amounts of 
material f rom a bioregenerative system. 

CARBOHYDRAT€C 

General Considerations 

The carbohydrate i n  the normal d i e t  usually provides more than 50 percent 
of  the  ca lor ic  requirements and consists  mostly of polymerized D-glucose 
(starch,glycogen) with smaller amounts of f r e e  sugars and disaccharides. 
ma  j or m e t  ab0 li z ab l e  mono saccharide s are D -glue0 se , D -galac t o  s e, D -manno se , 
and D-fructose. All these sugars are catabolized t o  the c o m n  intermediate 
trioses D-glyceraldehyde and dihydroxyacetone and then t o  carbon dioxide and 
water. 
oxidation of t r ioses .  

The 

Most of the  energy derived from carbohydrate i s  produced by t h i s  

Although glycerol  occurs primarily i n  fat,  it can be considered a 
carbohydrate material  since it i s  catabolized v ia  the t r i o s e  sugars. 
reduction of e i t he r  D-glyceraldehyde or dihydroxyacetone gives glycerol.  

I n  f ac t ,  



Except f o r  D-glucose, the content i n  the body of the various intermediates 
i n  the catabolism of carbohydrate i s  quite low. 
at least f o r  a f e w  of these intermediates, ingestion of subs tan t ia l  amounts i s  
w e l l  to lera ted and tha t  they ac t  physiologically and biochemically i n  much the 
same manner as carbohydrate. 

There is good evidence tha t ,  

Simple chemical methods f o r  the synthesis of carbohydrate are limited at 
present t o  the production of mixtures of sugars, although schemes have been 
proposed for  the synthesis of individual  compounds. A common chemical i n t e r -  
mediate i n  the synthesis from C 0 2  and H20 i s  formaldehyde. For the  sake of 
brevity, methods f o r  preparing formaldehyde w i l l  not be discussed aside from 
the comment t h a t  several  methods f o r  i t s  production i n  the space environment 
have been studied and the process appears feasible. 

Condensation of Formaldehyde 

A s  ea r ly  as 1861, it was observed (ref  1) t h a t  t rea t ing  aqueous 
solutions of formaldehyde with d i lu te  base gave rise t o  a complex mixture of 
materials  whose major component was  subsequently shown t o  be (ref. 2) an 
op t ica l ly  inactive mixture of sugars (formose). 
components of the mixture was investigated intensively by Fischer and 
Passmore ( r e f .  3 ) .  
reaction occurs have been studied extensively. Apparently, the f i r s t  product 
i s  glycolic aldehyde (ref.  4), which a r i s e s  through a var ia t ion of the Aldol 
condensation and whose formation i s  probably the  r a t e  l imit ing s tep  f o r  the 
t o t a l  reaction sequence: 

The nature of the  individual 

Through the years, the chemical mechanisms by which the 

0 0 H 
I 1  11 I 

HC-H -I- H-C-H -C = 0 
t 

CH2 -OH 

A major competing reaction tha t  must be minimized i s  the Cannizzaro 
reaction which leads t o  the production of formic acid and methanol: 

0 
I1  

0 
I t  

C 
I1 

H-C-H -I- H-C-H H-C-OH -I- CH30H 

However, since methanol seems t o  have a ca t a ly t i c  e f f ec t  on the reaction 
( re f .  5) ,  it i s  possible t ha t  a s m a l l  amount of disproportionation i s  needed 
f o r  induction. The r e l a t i ve  rates of these two i n i t i a l  reactions depend 
grea t ly  on the a lka l in i t y  of the reaction mixture and influence the  choice of 
cata lys t .  

Once the  i n i t i a l  two-carbon compound is produced, a rapid exothermic 
se r ies  of Aldol condensation reactions leading t o  formose takes place. 
three carbon intermediates are primarily glyceraldehyde and dihydroxyacetone 
(ref. 6 ) .  
example, Katzschmann (ref. 7) has proposed t h a t  a branched-chain reactive 

The 

Several schemes have been proposed f o r  the  fu r ther  reactions. For 



dimer of dihydroxyacetone is an obligatory intermediate. Others have 
proposed more complex schemes ( r e f .  8) 
uc t s  i s  highly dependent upon the  exact conditions and cata lys t .  
l y s t  can be a var ie ty  of types, but  i n  general must be capable both of 
providing s l i gh t ly  a lkal ine  conditions i n  the medium and of complexing effec-  
t i ve ly  with aldehydes. I n  a ra ther  typ ica l  case, Ca(OH)2, a t  a molar r a t i o  of 
1:lO with 4 percent formaldehyde, gave the  products shown i n  t ab le  I (ref. 5). 
Various accelerators, such as aldehydes and hexoses, seem t o  speed the reac- 
t i on  without a l t e r ing  the dis t r ibut ion of products. Conversely, the  presence 
of some materials, such as A1203 or copper s a l t s ,  has been reported (ref. 5) 
t o  abolish the reaction. 

I n  any case, the nature of the prod- 
This cata-  

TABLtE 1.- COMPOSITION OF FORMOSE MUCTURE REPORTED 
BY AKERLOF AND MITCmL (5) 

Percentage by weight 
of mixture 

0.4 
1.1 
1.8 
3.2 

2.5 
6.5 
17 - 2  
16.5 
17 * 5 
16.8 
8.5 
4.4 

< 2  

Possible iden t i ty  

Glycolic aldehyde 
Glyceraldehyde 
Dihydroxyacetone 
Erythrose, threose 

Xylulose 
Ribose, dendroketo se 
Xylose 
Fructose, mannose 
Sorbose, arabinose 
Glucose 
Ga lac  t o s e 
Unidentified sugar 
A heptulose 

eryt hulo se 

Trioses and Tetroses 

When calcium carbonate and 2-percent aqueous formaldehyde are heated t o  
looo, a considerable amount of dihydroxyacetone and glycolic aldehyde i s  
formed ( r e f s .  4 and 9) 
( re f .  10). 
aldehydes) i s  used, a product i s  formed which i s  largely  glyceraldehyde and 
dihydroxyacetone (ref. 11). Ketotetroses can arise from the Aldol condensa- 
t i on  between two molecules of glycolic aldehyde, but  the  product i s  so 
reactive t h a t  i t s  unique formation has not been reported. 

Similar products are produced when ZnCO3 is  used 
When sodium s u l f i t e  (which forms an addition compound with 
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CH2 -OH 
1 

CHO CHO c = o  
1 4 - 1  - 1  

CH2OH CH2OH CH-OH 
1 

CH20H 

An a l te rna t ive  condensation of a t r i o s e  and formaldehyde would give the 
aldo t e t r o  se : 

CHO 
CHO 
1 

1 CH-OH 
CH-OH f HCHO - ' 
I CH-OH 

CH20H 
CH20H I 

Pentoses and Hexoses 

Reports of spec i f ic  syntheses of pentoses and hexoses are  sparse. Leow's 
o r ig ina l  observation (ref .  2) was t h a t  a considerable proportion of the  prod- 
uct  was  "hexose," but  he did not adequately characterize the product. (He 
reported an empirical formula of C6H1005.) Arabinoketose can a r i se  as the 
main product a f t e r  prolonged heating of 2 percent HCHO with CaC03 (refs. 4 
and 9 ) .  When alkal ine P b O  and &So4 or Ca3(P04)2 were used, fructose,  sorbose, 
and arabinoketose could be found. The most adequate study t o  characterize the  
product i s  t h a t  of Akerlof and Mitchell  ( ref .  5) where, as can be seen from 
table  If the  majority of the product was  a mixture of xylose, fructose,  
mannose, sorbose, arabinose, glucose, and galactose. It seems unl ikely tha t  
the  react ion can be made spec i f ic  f o r  any of these sugars, but it i s  conceiv- 
able t h a t  preferred hexoses might be isolated from the reaction product. 

. 

There are reports  ( re fs .  12 and 13) t h a t  radiat ion of a variety of types 

However, since 
can induce the condensation of formaldehyde. The nature of the product when 
ionizing radiat ion or coronal discharge i s  used i s  not c lear .  
these react ions occur i n  the  gaseous phase, they o f fe r  s igni f icant  p rac t i ca l  
advantages over liquid-phase reactions.  
the l iquid  phase using red l i g h t  gives sugars. However, since this  s t i l l  
requires a Ca(OH)2 ca ta lys t  with a l l  the attendant d i f f i c u l t i e s  of product 
separation, t h i s  approach does not appear a t t r ac t ive .  

Photoactivation of forlnaldehyde i n  

Continuous Synthesis of Formose Mixtures 

An apparatus ( f i g .  1) was constructed here which permitted the continuous 
production of formose sugar. I n  the i n i t i a l  studies,  the  apparatus produced 
about 10 g of sugar per hour, the r a t e  of production being limited by the  
i n i t i a l  react ion conditions. It was i m e d i a t e l y  observed t h a t  a f r e sh  mixture 
of C a ( O H ) 2  with formaldehyde (1:lO molar r a t i o )  would react r e l a t ive ly  rapidly 
and exothermically a t  600 t o  6 5 O ,  bu t  t h a t  i f  the  mixture was s t i r r e d  a t  room 



Figure 1.- Representation of laboratory unit. 

temperature f o r  2 t o  3 days, heating a t  80° t o  90' did not cause a reaction. 
A s  described i n  the l i terature ,  the addition of small amounts t o  the  reaction 
product did enhance the reaction rate. 
unexplained, observation was t h a t  adding small amounts of CaO t o  the reaction 
mixtures, whether they be f r e sh  o r  qui te  old, enhanced the reaction r a t e  
tremendously. 
a t  the rate of about lOOg/hr, a tenfold increase over previously reported 
production ra tes .  This may have been due, i n  par t ,  t o  the use of a somewhat 
higher concentration of formaldehyde than has been used previously. 
present, suf f ic ien t  material  is  available t o  conduct extensive animal feeding 
studies.  

Our most surprising, and as  yet  

Using t h i s  technique, it was possible t o  generate formose sugar 

A t  

It has been reported t h a t  the  "formose" mixture i s  toxic  t o  animals, 
presumably because of chemically bound formaldehyde l ibera ted  by the  acid i n  
the stomach. 
have begun t o  remove any formaldehyde t h a t  might be present.  
involved a mild acid hydrolysis of formose followed by high vacuum evaporation 
a t  50° of a l l  vo la t i l e s  present. 
sary since examination of the o r ig ina l  mixture f o r  glucose using the glucose 
oxidase technique indicates  a concentration of less than 0.5 percent free 
D-glucose, whereas the l i t e r a t u r e  (ref.  5)  indicates  the presence of 8 percent 
D-glucose as  determined by paper chromatography. 
able i s  t h a t  v i r t u a l l y  a l l  of the glucose i s  present as  a formaldehyde 
hemiacetal derivative.  

Although it i s  not ce r t a in  t h a t  our product i s  toxic ,  e f f o r t s  
This has 

This pur i f ica t ion  seems par t icu lar ly  neces- 

The bes t  explanation avai l-  

Metabolic Ut i l i za t ion  of Formaldehyde Condensates 

The wide spectrum of products produced by the condensation of formalde- 
hyde ra i ses  some important questions as t o  the s u i t a b i l i t y  of t h i s  material  
for nut r i t ion .  These include the following considerations: 

(a) A mixture of o p t i c a l  isomers i s  produced. A r e  the  nonbiological 
L-forms metabolized; i f  so, t o  what extent? A r e  some of the  more unusual 
sugars toxic  or can they a c t  as metabolic inhib i tors?  



(b) What are the long-term e f f ec t s  on the l iver ,  kidney, e tc . ,  of forced 
clearance of nonmetabolized sugars? 
of nonmetabolized materials have on the water and e l e c t r o l i t e  balance of the 
body? 

What e f fec t  will required rena l  clearance 

These questions can be only p a r t i a l l y  answered a t  the present time and 
the l i t e r a t u r e  provides only a f e w  clues as t o  what w i l l  r e su l t  from ac tua l  
feeding experiments. 
residual  organically bound formaldehyde caused the formose product to be 
toxic.  However, some information i s  available concerning the metabolic 
e f fec t s  of individual components of the mixture. 

I n  the only attempt to provide such information ( r e f .  5), 

Metabolism of L-sugars. - I n  1890, Fischer ( r e f .  14) reported t h a t  
L-glucose was not fermented by brewer's yeast - an organism which has quite 
specif ic carbohydrate requirements. Subsequently, it was shown ( r e f .  1.5) t ha t  
neither E. co l i ,  E. aerogenes, nor surviving s l i c e s  of r a t  bra in  and 
Sarcoma 39 could oxidize L-glucose and tha t  there was no interference with the 
use of D-glucose. When L-glucose was in jected in to  r a t s  a t  a l eve l  of 1 g/kg, 
approximately 85 percent was excreted i n  the urine i n  24 hours with no d e t r i -  
mental e f fec t s  observed. 
in  the whole animal are  tha t  L-glucose has a s l i g h t  s a l t y  t a s t e  and tha t  
L-mannose i s  l e s s  sweet than D-mannose ( r e f .  16). I n  plants,  L-glucose i s  
transformed into  L-gluconic acid which accumulates. Administration of a 
var ie ty  of other D-  and L-sugars did not r e su l t  i n  the accumulation of the 
corresponding aldonic acid ( r e f .  17). 

The only fu r ther  observations concerning L-glucose 

There are re la t ive ly  few references concerning the metabolism of other 
L-monosaccharides, and apparently only one where the in tac t  animal was used. 
Yamaguchi ( r e f .  18) has shown tha t  i sola ted i n t e s t i n a l  segments absorb both 
antipodes of glucose, galactose, mannose, and arabinose a t  about the same 
r a t e  and with apparently the same degree of formation of sugar phosphate. 
However, there was no evidence of the formation of l i v e r  glycogen from any of 
the L-sugars ( r e f .  18) nor from e i t he r  isomer of arabinose. These resu l t s  are 
consistent with e a r l i e r  reports  concerning arabinose metabolism where glycogen 
formation i n  animals from e i t he r  D- or L-arabinose was minimal ( r e f s .  19 and 
20). However, L-arabinose i s  fermented readi ly  by a var ie ty  of bacteria,  
whereas the D-isomer is  not  ( re f .  21). Isola ted r a t  diaphragm can u t i l i z e  
D-glucose, D-mannose, and D-fructose f o r  energy and can incorporate carbon 
from these in to  nucleic acids, whereas D-galactose, D-xylose, D-ribose, D-  and 
L-arabinose, and L-sorbose are not u t i l i z e d  ( re f .  22). 
leucocytes can convert D-  and L-arabinose and D-lyxose t o  glycogen and l a c t i c  
acid, presumably v ia  fructose-6-P0~ (ref. 23). 

However, rabbit  

Cellular  t ransport  of L-hexoses and pentoses.- The subject of mechanisms 
f o r  the passage of sugars across a l l  menibranes has been of considerable 
i n t e r e s t  f o r  many years. Associated with these studies are  observations con- 
cerning a wide var ie ty  of unusual sugars. The results of Yamaguchi ( re f .  18) 
are d i f f i c u l t  t o  reconcile with those of Rumme1 and Stupp ( r e f .  24) who report 
tha t  a t  a mucosal concentration of 2.8 mM/L of D-glucose, 12 percent was  
absorbed _.- i n  v i t r o  i n  2 hours whereas only 0.6 percent L-glucose was absorbed. 
This l a t t e r  r a t e  would be expected from passive diffusion.  The water absorp- 
t ion from L-glucose solutions was 50 percent less than tha t  from D-glucose 
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solutions. 
muscle t i s sue .  
the  t i s sue  even i n  t h e  presence of insul in  or anoxia (ref. 25), s i tua t ions  
where the entrance of D-glucose i s  f ac i l i t a t ed .  
t ha t  a competition f o r  transport  by isola ted rat diaphragm ex i s t s  between 
D-glucose, D-mannose, D-xylose, D- and L-arabinose, and D-lyxose, but  not with 
a group of sugars which includes D-galactose, D-fructose, maltose, or 
D-sorbitol. More recently, it was shown (ref. '27) i n  i sola ted perfuse rabbit 
heart t ha t  penetration by L-arabinose i s  insu l in  sensi t ive  and antagonized by 
phlorrhizin, suggesting an active transport  mechanism. 

Other s tudies  have been conducted on entrance of sugars into 
I n  the isola ted perfused r a t  heart ,  L-glucose does not enter  

Others have shown (ref.  26) 

Metabolism at  t r i o se s  and glycerol.-  A s  indicated previously, the 
condensation of formaldehyde can r e s u l t  i n  t r ioses ,  which might be fed as such 
or reduced with hydrogen to glycerol.  

CHO CH2 -OH CH2 -OH 
1 0 H 2  ' 
CH-OH o r  C = 0 -CH-OH 

CH20H CH20H CH2OH 
r I ? 

The poss ib i l i t y  t ha t  compounds of this type are usefu l  nutr ients  i n  animals 
devolves primarily from studies of the intermediary metabolism of carbohydrate 
where these compounds appear as active intermediates. Thus, Cor i  and Cori i n  
1928 ( r e f .  28) demonstrated tha t  dihydroxyacetone administered o ra l l y  i s  con- 
verted by the in tac t  animal to glucose and glycogen, although an appreciable 
amount a lso  appears i n  the urine. About 50 percent of the dose was  oxidized, 
20 percent deposited as glycogen, 15 percent excreted, and the remainder w a s  
unaccounted for .  
given, although glycogen formation was somewhat l ess .  These data a re  corrob - 
orated by the studies of Tsao e t  al .  ( r e f s .  29 and 3 O ) ,  who more recently 
administered radioactive dihydroxyacetone. They found tha t  i n  2 hours, 
28 percent of the radioact iv i ty  from dihydroxyacetone appeared i n  the expired 
air  as opposed to 47 percent from radioactive glucose. The acute and chronic 
tox ic i ty  of dihydroxyacetone i s  not available from the l i t e r a tu re .  

The degree of oxidation was  greater  than when glucose was  

Informat ion concerning glyceraldehyde i s  more limited. Preliminary 
evidence t h a t  it or glycerol  could be converted to glycogen by the l i ve r  was 
reported by Cori and Shine (ref. 31). 
feeding of 0.2 t o  0.3 g of D, L-glyceraldehyde per 100 g body weight t o  fast- 
ing rats caused a rise i n  l i v e r  glycogen from 0.05 percent ' to  0.80 percent 
while blood sugar increased. Glyceraldehyde could no longer be detected i n  
the  blood 3 hours a f t e r  feeding. However, there was no increase i n  muscle 
glycogen, whereas feeding dihydroxyacetone did cause an increase i n  t h i s  
t i s sue  ( r e f .  33). 
absorption of D, L-glyceraldehyde i n  3 hours was  54 percent, dihydroxyacetone 
was 68 percent, and pyruvic acid, 37 percent. The increase i n  l i v e r  glycogen 
was 63 percent f o r  dihydroxyacetone, 50 percent f o r  DL-glyceraldehyde, and 
34 percent f o r  pyruvic acid. 
t i a l  use of trioses as food. No problem occurred with the use of the  
DL-isomers of glyceraldehyde and presumably they are both u t i l i z e d  via 
dihydroxyacetone . 

Later, Stohr ( r e f .  32) showed tha t  

At a l e v e l  of 0.2 mg t r i o se  per 100 g body weight, the 

These data are highly encouraging f o r  the poten- 
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Glycerol o f fe r s  extremely a t t r ac t ive  p o s s i b i l i t i e s  as food. Man normally 

This represents approxi- 
consumes 10 t o  40 g/day of it as a component of d ie tary  l ip ids .  
been given 100 g/day f o r  30 days with no ill effect .  
mately 20 percent of  t o t a l  ca lor ic  requirements derived from t h i s  material. 
A s  much as 300 g of glycerol has been given mixed with food, again without 
harmful effect .  
t o  40 percent of the  ca lor ies  as  glycerol without obvious effect on growth or 
heal th ( ref ,  34). 
as  the so le  source of carbohydrate i n  the d i e t  of weanling rats. 

Humans have 

Rats can be maintained f o r  months on a d i e t  which provides up 

Studies i n  progress here indicate  t h a t  glycerol can serve 

FATS 

General Considerations 

Fats  usual ly comprise 10 t o  40 percent of the normal d i e t  and are  
primarily mixtures of long-chain saturated and unsaturated f a t t y  acid t r ig lyc  - 
erides.  Catabolism of the f a t t y  acids gives r ise  t o  acetate  which is, i n  turn, 
oxidized. Whereas it i s  possible t o  increase the  carbohydrate content of the  
d i e t  t o  very high leve ls  without deleterious e f fec ts ,  d i e t s  containing over 
50 percent f a t  lead to ketosis,  acidosis, and inef f ic ien t  ca lor ic  u t i l i z a t i o n .  

With the  advent of the Fischer-Tropsch and re la ted  syntheses, it became 
possible to consider synthesis of edible long-chain materials from C02 and H2. 
Much of the work w a s  done i n  Germany during 1938-48, although some e f f o r t  
along these l ines  has been accomplished i n  other  countries. A nurriber of 
patents also ex i s t .  

Synthesis of Fa t ty  Acids 

The Fischer-Tropsch synthesis ( r e f .  35) was  f i r s t  accomplished i n  1923 
with the  report  t h a t  CO -t- H2 a t  100-150 a t m  and at 400' t o  450' C w a s  con- 
verted t o  oxygenated compounds and hydrocarbons when passed over alkal ized 
i ron  turnings. 
commercially and e f f o r t s  through the  years l ed  to  more e f f i c i e n t  ca ta lys ts  
and conditions f o r  the production of hydrocarbons ( r e f .  1). 
i c s  f o r  this -process are now w e l l  known and comprehensive l i t e r a t u r e  i s  avail- 
able. 
percentage of the product i s  straight-chain since the metabolism of long 
branched chain compounds i s  not w e l l  known. 

T h i s  o r ig ina l  "synthol" product was  not pa r t i cu la r ly  desirable 

The thermodynam- 

For the purpose under consideration here, it i s  fortunate t h a t  a high 

The commercial production of soaps and small amounts of edible fats was  
described by Imhausen i n  1938 (ref.  36). 
Fischer-Tropsch process were oxidized by a i r  t o  f a t t y  acids consisting mostly 
of Clo t o  CZ2 chains. After pur i f ica t ion  and conversion t o  soap, the product 
was qui te  similar t o  na tura l  soap i n  i t s  propert ies .  Apparently, large 
amounts of t h i s  material were produced and used during the war. Experiments 
on the production of edible fats  from the synthet ic  f a t t y  acids by condensa- 
t ion  with synthetic glycerol w e r e  successful on a laboratory scale but  no data  
were reported. 

Hydrocarbons obtained from the 
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After the  war, addi t ional  information concerning the production and use 
of synthetic edible f a t s  appeared (refs. 37-42). 
experiments were conducted with the synthetic f a t .  
were also performed. The mater ial  w a s  used metabolically i n  exactly the  same 
manner as na tura l  f a t  even though the synthetic f a t  contained an appreciable 
amount of add-chain length f a t t y  acids (refs. 43-46) which, however, did give 
r ise t o  small amounts of succinic acid i n  the ur ine (ref .  46) A major advan- 
tage of the synthetic f a t  over na tura l  f a t  was i t s  great  resistance to  rancid- 
i t y  since it did not contain any unsaturated f a t t y  acids. I n  la ter  production 
runs, d i s t i l l a t i o n  of the  f a t t y  acids resul ted i n  decreased content of methyl- 
subst i tuted long-chain f a t t y  acids which w e r e  f e l t  t o  be undesirable since 
they led t o  an elevation of the ether-soluble f r ac t ion  i n  the ur ine of 
individuals consuming t h i s  synthetic f a t .  
f a t t y  acids i n  the d i e t  i s  probably acceptable since these are  degraded 
normally t o  propionic ac id  which has been shown t o  be readi ly reconverted t o  
f a t  or oxidized via  the  TCA cycle (ref.  47). 

More than 20,000 animal 
A variety of human studies  

The presence of odd-chain length 

The glycerol moiety of f a t s  can be obtained re l a t ive ly  e a s i l y  by 
synthetic processes and it i s  produced i n  large amounts indus t r ia l ly .  
condensation between f a t t y  acids and glycerol can be accomplished by heat 
alone or a t  lower temperatures by the  addition of zinc dust. 

The 

Various modifications of t h i s  approach t o  the  synthesis of fa t  have been 
reported. Thus, the d i r ec t  production of f a t t y  acids without the need f o r  an 
intermediate oxidation s t ep  can be accomplished (ref .  48) by maintaining a 
high concentration of C02 and H2 with a special  K2COs-promoted s intered red 
i ron  oxide ca ta lys t .  
acid y ie ld  of 25 cc/m3 of  H2 + CO converted. 

The conversion level w a s  about 93 percent w i t h  a f a t t y  

The Russians apparently recover by-product f a t t y  acid from hydrocarbon 
syntheses since it has been reported (ref.  49) tha t  pur i f ica t ion  can be accom- 
plished by successive treatments with a l k a l i  and H2S04 followed by f r ac t iona l  
d i s t i l l a t i o n .  

The Red Chinese have devoted e f f o r t  t o  reproducing and improving the 
Imhausen process f o r  f a t t y  acid production. 
t h e i r  s tudies  of react ion variables  indicates t h a t  they were able t o  obtain a 
93 percent y ie ld  of  f a t t y  acids of which 60 to  70 percent was  C15-C20 acids. 

A report  (ref.  50) concerning 

Effor t s  are beginning here t o  determine which of the various methods f o r  
the synthesis of synthetic fa t  i s  most amenable t o  miniaturization and 
incorporation into a spacecraft. 
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PROSPECTZTS FOR CHENICAL EXiTI"ESIS OF PROTEINACEOUS FOODSmS* 

Sidney W. Fox 

I n s t i t u t e  of Molecular Evolution, 
University of M i a m i  

I n  considering chemical synthesis of foodstuffs, we can f ind  some 
encouragement i n  the f a c t  t h a t  nearly a l l  vitamins are obtained more econom- 
i c a l l y  by chemical synthesis than by i so la t ion  from biological  material  
( re f .  1). 

Among the foodstuffs, the nature of vitamins has been most conducive t o  
commercial chemical synthesis by stepwise conversion. The vitamins, as i s  
w e l l  known, provide t h e i r  e f fec t s  i n  very small, o r  trace,  amounts. An adul t  
human's e n t i r e  annual requirement of 3-( 4-amino -2-methylpyrimidyl-5-methyl) - 
4-methyl-5, f3 -hydroxyethylthiazolium chloride, tha t  is, thiamine chloride o r  
vitamin B1, can be synthesized chemically and sold f o r  a f e w  cents. This 
requirement is, however, no more than 1 g, whereas the annual requirement f o r  
"essential"  amino acids such as leucine and lysine i s  measurable i n  pounds. 

I n  commercial earthbound production of such food factors ,  many chemical 
reactions are employed t o  produce one vitamin o r  one amino acid. 

I n  chemical synthesis under the conditions which may be available 
250,000 miles o r  more from Rahway, New Jersey o r  Midland, Michigan, what we 
believe i s  most needed i s  the siruultaneous synthesis of a l l  of the food 
components i n  as few, and as simply operated, reactions as possible. W e  
would thus want t o  emphasize procedures of pansynthesis (ref . 2). 
the p rac t i ca l  goal f o r  space nitrogen nut r i t ion  appears t o  be one of syn- 
thesizing a l l  of the amino acids needed i n  the d i e t  and others, and polymer- 
izing them simultaneously in to  one protein- like polymer, ra ther  than (a) 
producing amino acids one at  a t i m e  and (b) coupling amino acids in to  peptides 
one at  a time. 

For example, 

The prospect of such simultaneous syntheses assumes some rea l i ty ,  
par t icu lar ly  from model studies of the t e r r e s t r i a l  abiot ic  or ig in  of protein. 
These l a t t e r  are  found t o  emphasize, as do the syntheses carr ied out by 
l iving ce l l s ,  the simultaneous chemical production of many components. 

Additional rat ionale  f o r  seeking our  clues i n  studies of models of the 
first  protein i s  the premise of the evolutionary posi t ion of food. 
t o  t h i s  premise, the first organism arose from spontaneously synthesized 
chemical components of food. The first  l iv ing  ce l l  and i t s  descendants 
maintained and continued themselves with more of those components. 
that the problem of food f o r  the first ce l l  w a s  not very different  from tha t  
of contemporary ce l l s ,  including human ce l l s ,  has i t s  roots i n  the principle 
of the "unity of biochemistry," the fact tha t  a l l  c e l l s  have a c o m n  chemical 
ground plan. 
"Supported by NASA Grant NsG-689. 

According 

The belief 



What has been presented t o  t h i s  point  a r e  reasons f o r  looking in to  what 
would otherwise seem t o  be hopeless. These considerations a r e  not a basis  f o r  
easy optimism. I n  t h i s  connection, l e t  me quote N. S. Scrimshaw's remarks 
f r o m  a 1963 symposium ( r e f .  3)  : 

"The cen t ra l  theme of the discussion has been tha t  the  many problems of 
space feeding a r e  not t r i v i a l  ones. Moreover, they have not been solved, nor 
i s  the  solution readi ly  a t  hand. Furthermore, there  is  not adequate work 
underway t o  assure t h e i r  solution a t  any ear ly  date or a t  any date a t  a l l .  
It is up t o  us as professional  b iologis ts ,  nu t r i t i on  spec ia l i s t s ,  and other 
l i f e  s c i en t i s t s  t o  show i n i t i a t i v e  both i n  identifying and solving these 
problems. '' 

These comments apply with f u l l  force t o  the problems of chemical 
synthesis of food f o r  space t r a v e l  and f o r  nu t r i t ion  on e x t r a t e r r e s t r i a l  
bodies such as Tel ler  ( r e f .  4) has emphasized f o r  one year sojourns, as on the 
moon, f o r  example. In par t icular ,  we do not know how many problems remain t o  
be iden t i f i ed .  
carbon cycle, and t h a t  deprivation of nitrogen can lead t o  anemia, hypo- 
proteinemia, and physiological malfunction ( r e f .  5 ) ,  and death. 

We do know t h a t  a pr incipal  problem i s  t h a t  of the  closed 

From t h i s  point,  I w i l l  attempt t o  summarize b r i e f l y  how we analyze the  
nitrogen cycle segment of our knowledge, and w i l l  point out some of the  
s a l i en t  problems. 

AMINO ACIDS 

The synthesis of prote in  or similar  polymers, chemically or biologically,  
generally requires amino acids as intermediates. I n  the  laboratory studies 
of or igin  of l i f e - r e l a t ed  substances, the simultaneous synthesis of a-amino 
acids has received more a t t en t ion  than the or igin  of any other kind of 
biochemical substance. Two of these processes a r e  i l l u s t r a t e d  i n  t ab le  I. 
One i s  the  synthesis of Miller ( r e f .  6) ,  a process of h i s t o r i c a l  i n t e r e s t .  
In  these reactions, 4 of the 18 or 20 amino acids--glycine, alanine, 
aspar t i c  acid, and glutamic acid--were produced by e l e c t r i c a l  discharge i n  
methane, ammonia, water, and hydrogen. Also, some amino acids which do not 
occur i n  prote in  were found as products .. 

In  the same table,  the  experimental r e su l t s  of Harada and Fox ( re f .  7) 
a r e  presented where amino acids were produced by passing ammonia, water, and 
methane as gases through beds of s i l i c a ,  heated t o  950' or 1050' C, and 
hydrolyzing the  products. 



TABLE I. - AMINO ACID COMPOSITIONS" PRODUCED THEFMALLY I N  THE PRESENCE OF 

Aspartic ac id  
Threonine 
Serine 
Glutamic acid  
Proline 
Glycine 
Alanine 
Valine 
Alloisoleuc ine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
a-NH2Butyric acid  
P -Alanine 
Sarcosine 
N -Me thy la lanine 

SILICA AND BY ELECTRIC DISCHARGE 

Thermal synthesis 

S i l i c a  
sand 

percent 
950° c, 

3.4 
-9 

2.0 
4.8 
2.3 
60.3 
18 .o 
2.3 
-3 
1.1 
2.4 
.8 
.8 
.6 
? C  

--- 
--- 

S i l i c a  
g e l  

950' C, 
percent 

2.5 
.6 

1.9 
3 -1 
1 . 5  
68.8 
16.9 
1.2 
-3 
.7 

1.5 
.4 
.6 

? C  

--- 

--- 
--- 

S i l i c a  
ge l  

1050' C, 
percent 

15.2 
3 -0 
10.0 
10.2 
2.3 
24.4 
20.2 
2.1 
1.4 
2.5 
4.6 
2.0 
2.2 

?C 

--- 

- -- 
--- 

Elec t r ic  discharge synthesis 

Spark 
dischaxge,b 

percent 

0.3 

50.8 
27.4 

--- 
4.0 
12.1 
4.0 

.8 

S i  l en t  
discharge, b 

percent 

a Basic amino acids were not l i s t e d  i n  the tab le  because those amino 
acids were not f u l l y  studied.  
products showed peaks corresponding with lysine (or ornithine) and arginine.  

Some amino acid analyses of the  thermal 

bRecalculated from the  r e su l t s  obtained by Miller ( ref .  6 ) .  
'P-Alanine peak obscured by another unknown peak. 

Most of the  amino acids t h a t  occur i n  prote in  are obtained by heating. 
Except f o r  P-alanine, none of those which do not usually occur i n  prote in  are 
found. 
methionine, h is t id ine,  and tryptophan. So far, the  sulfur-containing amino 
acids have not been iden t i f ied  i n  the  f e w  experiments i n  which simple su l fur-  
containing compounds have been included i n  the reactant  gases. The or igin  of 
such amino acids represents one of the  problems t o  be solved. The absence of 
tryptophan can be explained as due t o  i t s  known l a b i l i t y  during mineral ac id  
hydrolysis f o r  analysis .  
explained by the  f a c t  t h a t  h i s t id ine  and ammonia have closely similar 
values on the  automatic analyzer chromatograms, and much ammonia i s  present, 
s ince it w a s  a reactant .  

Among the  common amino acids not found i n  the  hydrolysate are cystine, 

The absence of h i s t id ine  from the analysis may be 
Rf 

I n  addit ion t o  t he  fact of a f e w  missing amino acids, the  yie lds  are low. 
How low i s  the  yie ld  i s  not ye t  known, since such information requires spec ia l  
apparatus when vapor phase syntheses are employed. So far, such apparatus has 



not been used. A s  i n  engineering practice,  however, unreacted gases and 
unwanted products should be combustible to sinrple gases which can be cycled 
again through the  s i l i c a  column. 

Abelson ( r e f .  8) showed t h a t  COz could function i n  place of methane i n  
This carbon source should a l so  be the e l e c t r i c a l  synthesis of amino acids .  

t es ted  i n  t h e m a l  synthesis.  

The experiments with s i l i c a  give the r e su l t s  indicated i n  the  first  three 
columns, whereas t h e  products obtained from alumina, volcanic beach sand, and 
from heated empty tubes by Ponnamperwna and by Orb ( r e f .  9) resemble qual i ta-  
t i ve ly  the  amino acid pa t te rn  from e l ec t r i c  discharge. 
e l ec t r i c  discharge and d i f fe ren t  temperatures i n  the  t h e m a l  synthesis y ie ld  
quanti tat ively d i f fe ren t  amino acid compositions . Accordingly, experimental 
ways of controll ing the  nature of the  products can be visualized. 

Different kinds of 

With an adequate supply of amino acids, .two questions can be asked: 
(a) What can be learned about the  requirements f o r  amino acids i n  protein 
nu t r i t ion  and (b) Can they be used d i r ec t l y  f o r  nutr i t ion? Answers t o  these 
questions have been provided by many workers, p r t i c u l a r l y  by Rose (ref. 10) 
who has devoted much of h i s  s c i e n t i f i c  l i fe t ime t o  feeding mixtures of pure, 
c rys ta l l ine  amino acids t o  several  species. 
acids must be supplied i n  the  d i e t  f o r  each of several  species, (2)  which 
can be synthesized by the  organism, (3) t h a t  humans make l i t t l e  use of amino 
acids i n  the D 
absence of one amino acid influences the  need f o r  another. Rose and others 
have taught us a l s o  t h a t  the  problems and processes of protein nu t r i t ion  a r e  
more complex than these f e w  examples of information indicate. Whether pure 
L-amino acids must be used is yet t o  be established. In  fac t ,  experiments 
by Van P i l s m  and Berg ( r e f .  11) indicate that the  mammal can accommodate 
D-amino acids as provided by racemates. 

Rose taught us (1) which amino 

form, and (4) much about the  way i n  which the  presence or  

The use of free amino acids as foods, however, poses questions. I s  the 
u t i l i z a t i o n  less e f f i c i en t  than when amino acids are slowly released by the 
digestion t o  which man has adapted? Disturbances of ion balances i n  the 
blood can occur if  amino acids enter  too rapidly. Taste is  also a problem. 
Attempts t o  supply prote in  nu t r i t ion  by feeding free amino acids as protein 
hydrolysates a f t e r  World War I1 were unsuccessful (personal communication 
between W. G r i f f i t h  and G. Lewis,  1965). 

Perhaps these and other problems can be solved. An a l te rna t ive  area of 
investigation, however, i s  tha t  of cordbining amino acids in to  polymers with 
suf f ic ien t  propert ies of protein so that they can be employed nu t r i t iona l ly  
instead of protein. 
biochemical evolution (ref 12) and culture (e,g., preparation of col lo idal  
foods; proteins have some inimitable propert ies) ,  and since the contained 
amino acids must be simultaneously available ( r e f .  13), the  pr incipal  
requirement appears t o  be that of simultaneous inclusion of a l l  the 
"essential"  amino acids i n  peptide bonds i n  polymers of amino acids. 

Since humans have been adapted t o  proteins by both 

Two ways of approaching t h i s  goal have now been indicated, and the  
nu t r i t iona l  po ten t ia l  f o r  invest igation and f o r  feeding has begun. The two 



methods of synthesis a r e  the simple condensation polymerization and the  more 
i n t r i c a t e  synthesis through the Leuchs anhydrides (ref. 2 ) .  

THERMAL PROTEINODS 

The thermal condensation of a-amino acids can be brought about by 
heating a mixture containing suf f ic ien t  proportions of nonneutral amino acids 
such as aspar t i c  acid, glutamic acid, or lysine (refs. 1 4  and 15) for several  
hours a t  temperatures above the boi l ing point  of water, l7Oo. 

Under such conditions, some proportion of each of the amino acids common 
t o  prote in  is  found i n  the  polymer, which typical ly  has molecular weights of 
many thousands. Other propert ies i n  common w i t h  prote in  are l i s t e d  i n  
t ab le  11. I n  the  evolutionary context, the  tendency t o  form, on contact 

TABLE 11. - PROPERTIES OF THERMAL POLYANHYDRO-a-AMINO ACIDS I N  COMMON 

WITH PROTEINS* 

Qual i ta t ive  composition 

Quanti tat ive composition 

Range of molecular weight 

Color tests 

Solub i l i t i es  

Inclusion of nonamino ac id  groups 

Optical a c t i v i t y  

Salt ing - in and sal t ing-out propert ies 

P rec ip i t ab i l i t y  by prote in  reagents 

Hyp oc h r  omic it y 

Infrared absorption maxima 

Recoverability of amino acids on hydrolysis 

Suscept ibi l i ty  t o  proteolyt ic  enzymes 

Catalytic a c t i v i t y  

Inac t iva tab i l i ty  by heating i n  aqueous solutior  

ttNonrandom't (nonuniform) sequential  

Nutri t ive qual i ty  

Morphogenic i t y  

*Bibliography given i n  reference 16. 

d i s t r ibu t ion  of residues 



with water, microspherical pa r t i c l e s  with many of the propert ies of c e l l s  i s  
par t i cu la r ly  provocative. 
and spherule formation a re  simple enough and otherwise imputable t o  the  
geological realm. 
ca t a ly t i c  a c t i v i t i e s  f o r  conversion of various ce l lu la r  substrates provides a 
conceptual bas is  f o r  the  or igin  of metabolism. 

This follows since the processes of polymerization 

The f a c t  t h a t  f i v e  laboratories have recently reported weak 

180 
190 
200 
2 10 

As w i l l  be shown, these polymers have some, a t  present limited, u t i l i t y  
f o r  nu t r i t ion .  
t h a t  (a) they resemble proteins and (b)  they a r e  not necessari ly to be 
regarded s t r i c t l y  as proteins.  The differences a r e  mostly more quanti tat ive 
than qual i ta t ive  and possibly reside more i n  the s t ructure  than i n  the  
function. Known differences a r e  l i s t e d  i n  t ab le  111. 

These materials  a r e  known as proteinoids ( r e f .  16) t o  indicate 

Some proteins a r e  found 

34 66 
39 61 
45 55 
48 52 

TABLE 111.- DIFFERENCES I N  COMPOSITION OF PROTEINOIDS 

The rma 1 homop o l y  l y  s ine 

I Thermal copolyanhydro (lysine, alanine)b 1 
1 

200 
210 

"K. Harada (Ph.D. thes is ,  1961). 
bHarada and Fox, Arch. Biochem. 

Biophys. 109, 55 (1965). 
t o  d i f f e r  i n  t h e i r  propert ies from the  propert ies of prote in  i n  general. Like- 
w i s e ,  the  propert ies of some proteinoids d i f f e r  from those of proteinoids i n  
general. Probably the  sharpest difference a t  present is  t h a t  of antigenici ty.  
Some proteins,  however, a re  devoid or  almost devoid of ant igenic i ty .  Also, 
although ant igenic i ty  has not ye t  been observed i n  proteinoids, reasons f o r  
making and tes t ing  other polymers f o r  t h i s  property a r e  a t  hand. 

The manner i n  which some amino acids, pa r t i cu la r ly  the t r i func t iona l  
lysine, a re  linked in to  thermal polymers is  sensi t ively  re la ted  t o  conditions 
of condensation. In  the  condensation of lysine, f o r  example, the proportion 
of t h i s  amino acid  linked through the  a-amino group and the  proportion linked 
through the  E -amino group is a function of temperature ( t ab le  111). 
i n  our laboratory F. Suzuki has shown t h a t  the composition, i soe lec t r ic  point, 
and molecular weight of thermal copolymers of lys ine  with t r i func t iona l  
aspar t i c  acid or t r i func t iona l  glutamic acid vary with the  individual 
dicarboxylic acid and with whether the  f r ee  bas ic  amino acid  or i t s  

A l s o ,  



hydrochloride i s  used i n  the  synthesis.  
a l t e red  by employing glutamine instead of glutamic acid, and asparagine 
instead of a spa r t i c  acid.  

The nature of such products is a l s o  

I n  view of the  observed e f fec t s  of temperature, proportions of spec i f ic  
amino acid, the choice between free basic  amino acid and i t s  salts, the  choice 
between dicarboxylic amino ac id  and i t s  amide, and probably unidentified 
fac tors  as w e l l ,  systematic invest igat ion of the  control  of linkage i s  i n  
prospect. 
linkages. The evolutionary relat ionships suggest t h a t  the i n t r i n s i c  react ive 
tendencies of the amino acids would lead, however, t o  the kinds of products 
which w e r e  the  bas is  f o r  food and f o r  evolution. 

This kind of study is basic  t o  incorporating rapidly d iges t ib le  

For example, i n  France, 
Biserte (ref .  17) has studied the  basic  
a, E-diaminobutyric--for t h e i r  tendency 

H2NCH2CH2CHNH;COO- 
~,E-DIAMINOBUTYRIC ACID 

H2NCH2CH2CH2CHNH;COO- 
ORNITHINE 

H2NCH2CH2CH2CH2CHNH$OO- 
LYSINE 

Figure 1.- Structures of dibasic amino acids. 

amino acids --lysine, ornithine, and 
t o  condense thermally ( f i g .  1). Only 
lysine condenses thermally and it is 
the only one of the  three found i n  
protein or i n  food. 
is  consistent with the  concept of 
l imit ing direct ion i n  evolutionary 
processes. 

This s e l e c t i v i t y  

The re l a t ive  proportions of amino 
acids i n  thermal proteinoids, such as 
2:2:1- or l:l:l-,l appear a t  f i r s t  

observation not pa r t i cu la r ly  favorable f o r  e f f i c i e n t  space nut r i t ion .  
past ,  moderately high proportions of aspar t ic  acid or lysine i n  reaction 
mixtures were necessary t o  a t t a i n  a t  least 10-percent yields  of polymers of 
the kind t h a t  contain a l l  18 amino acids .  I n  these cases, the  proportion of 
aspar t ic  ac id  or lysine i n  the  corresponding polymers was  above a l eve l  that 
was most e f fec t ive  f o r  nutr i t ion,  being typica l ly  50 percent, and well  above 
the usual proportion of aspar t ic  acid or lysine i n  food proteins .  

I n  the  

Three adjustments t o  t h i s  s t a t e  of affairs can be indicated. One of 
these w a s  s t a t ed  by Scrimshaw (ref .  18). Up t o  80 percent of the d ie tary  
nitrogen can, he pointed out, be merely usable nitrogen, 20 percent being the  
amino acids e s sen t i a l  f o r  human diets--tryptophan, phenylalanine, threonine, 
isoleucine, lysine, methionine, valine, and leucine. 

I n  a second approach t o  improving the balance of amino acids i n  the  
polymer, one could visual ize condensing an intermediate proportion of aspar t ic  
acid and lysine each with other amino acids, instead of a moderately high 
proportion of one of these two. 
by Dr. Thomas Waehneldt i n  our laboratory and he has found t h a t  simple 
equimolar proportions of a l l  reacting amino acids suf f ice .  
( tab le  I V )  show t h a t  proportions of these amino acids more closely resembling 
those of proteins can be at ta ined.  
polymers have not y e t  been tes ted  nut r i t ional ly .  

This experiment has recently been performed 

The analyses 

Since these r e su l t s  are recent, such 

=The f igures  2:2:1- and 1:l:l- denote, respectively, pa r t s  of aspar t ic  
acid, glutamic acid, and an equimolar mixture of the  16 other  amino acids i n  
a react ion mixture. 



TKBLE I V .  - ANALYSES OF NEUTRAL PROTEINOIDS (MOLE PERCENT) 

Amino acid  

Lysine 
Histidine 
Arginine 
Ammonia 
Aspartic ac i d  
Glutamic acid 
Threonine 
Serine 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Allois  oleucine 
Cystine 
Tyrosine 
Phenylalanine 

Insoluble f ract ion 

5 -6  
1 .3  
2.8 

2.8 
5 -9 

21 

.I 
4 .1  
7.2 
8 . 3  
4.6 
5 *7 
3.4 
5.5 
2.4 
3.7 
6.7 
8 .3  

Soluble f r ac t i on  

7.1 
2.8 
3.3 

3.9 
8.7 

* 3  
.2  

2.3 
7.1 

10.3 
8.2 
5 -8 
4.0 
5.1 
3.1 
4.4 
4.3 
3 - 9  

15 

LEUCHS PROTEINOIDS 

A t h i r d  answer t o  the  problem of proportions i s  t o  prepare Leuchs 
proteinoids containing a l l  amino acids common t o  prote in  by a process based on 
the Leuchs anhydrides, or N-carboxyamino acid anhydrides of amino acids.  
synthesis t o  include a l l  proteinogenous amino acids has been accomplished 
with D r .  T. Hayakawa through the  N-carboxyanhydrides of nine a-amino acids 
and of nine specia l ly  protected amino acids ( r e f .  2 ) .  

The 

While the thermal proteinoids have the a t t rac t ions  of simplici ty of 
preparation, and serve as a model of primordial protein, the  Leuchs protein-  
oids contain amino acids which are s l i g h t l y  or not a t  a l l  racemized and which 
seem not t o  pose questions of unusual linkages between amino acids.  

To accomplish t h i s  synthesis, threonine was protected as the  0-acetate; 
serine,  cysteine, and tyrosine as the  benzyl ethers;  aspar t i c  ac id  and 
glutamic ac id  as the  P -  and y-benzyl es ters ,  respectively; lysine as the  
€-carbobenzoxy derivative;  arginine as the  dicarbobenzoxy derivative;  and 
h i s t id ine  as the  ring-N-benzyl derivative.  These subst i tu t ing groups w e r e  
substant ia l ly  removed i n  a s ingle  operation, and were, i n  fact ,  chosen f o r  
such removability. However, the  product is  not easy t o  produce. 

This w a s  the first  polymer which closely resembled on hydrolysis and 
analysis  a natural  prote in .  



Figure 2 shows the analysis  of the hydrolysate of one of four Leuchs 
proteinoids prepared i n  Hayakawa' s study. The composition w a s  patterned 

SYNTHETIC POLYMER 

EFFLUENT,ml 4 0  80 120 160 2 0 0  2 4 0  280 320 
kl50-crn COWMN,JO:pH 3.25,91.50~ 

0.2N NO CITRATE 
1.0 

U a-AMYLASE OF&. 
STEAROTHERMOPHILUS > y .5 

a m .3 
8 .2 

m .I a 
v) 

EFFLUENT, mi 140 180 240 320 
LYS 

LEU 
SYNTHETIC POLYMER , 

360 4 0 0  440 40 80 140 
PH 425,122N NO CITRATE----+ t=d5-cm COLUMN,+ 

50: PH 5.28 
0.35N NO CITRATE 

"3 a-AMYLASE OF e. STEAROTHERMOPHILUS 
n 

3 6 0  4 0 0  4 4 0  4 8 0 4 0  80 140 

Figure 2.- Amino acid profiles of hydrolysates of 
a Leuchs proteinoid and of a-amylase from Bacillus 
stearothermophilus . 

a f t e r  an average set of values obtained 
i n  a survey of compositions of protein.  
The meaning of average values fo r  com- 
posi t ion i s  t o  be judged i n  the  context 
of the f a c t  t h a t  compositions of heter-  
ologous prote ins  a re  known t o  be more 
similar than  d i f fe ren t .  The first  pro- 
t e i n  f o r  which an automatic amino acid 
p ro f i l e  w a s  found w a s  the  a-amylase of 
Bacillus stearothermophilus (ref. 19). 
The in terdigi ta ted p ro f i l e s  of the 
hydrolysates of the synthetic and 
natural polymers a r e  presented and 
speak fo r  themselves. The pr incipal  
difference i s  the  presence of cyste ic  
acid  i n  the  synthetic polymer. Varia- 
t i ons  i n  the  four polymers show thah 
the  composition i s  ea s i l y  controlled. 

NUTRITIVE PROPERTIES 

The nu t r i t ive  qua l i t i e s  that have 
been studied i n  proteinoids have been 
recorded f o r  Lactobacillus plantarwn 
and f o r  two animals, laboratory rats 
and the protozoan Tetrahymena 
pyrof ormis R . 

The f i rs t  experiments were conducted some years ago with an assay 
organism k c t o b a c i l l u s  plantarum, which has amino acid requirements similar 
t o  those of man. The best  thermal proteinoid available a t  the  t i m e  of t e s t -  
ing w a s  roughly 60 percent as effect ive  as peptone i n  supporting the  growth 
of these b a c i l l i .  
amino acids yielded weaker nu t r i t ive  response. 

Other thermal proteinoids with a less favorable balance of 

The experiments with rats have been done by fiampitz and h i s  colleagues 
and have p a r t l y  been published i n  several  papers. 
( ref  20) performed experiments i n  which radioactive methionine w a s  thermally 
condensed w i t h  other amino acids and the  water-soluble polymers were fed t o  
rats. 
t ions  of various t i s sues  of the  rat are given i n  t ab l e  V. 
co-workers have learned, by replacing half of the  biological  prote in  i n  a 
d i e t  by thermal proteinoid and supplementing with threonine, that the  rats 
w i l l  gain approximately the  same weight as with the  same t o t a l  weight of feed 
prote in  (personal communication from G. Krampitz, 1966) 
observed i n  extended feeding ( ref  20). 

Krampitz and Knappen 

The d i s t r ibu t ion  of t h i s  material i n  the prote in  and nonprotein f rac-  
Krampitz and 

No t ox i c i t y  w a s  



, 

Blood 

Liver 
Brain 
Kidneys 

R e s t  of body 

Skin and h a i r  

I n t e s t i n a l  t i s s u e  

Working under the  supervision of Professor George Lewis,  Everett ( r e f .  21) 

Radioactivity recovered from 
carcass, percent 

Nonprotein Protein Total 
f rac t ion  f rac t ion  

6.43 24.41 32.84 
---  --- 12.08 
7.68 1.44 9.12 
5 072 1.90 7.62 
1.87 1.61 3.48 

10.27 20.32 30.59 
2.09 2.18 4.27 

studied the  u t i l i z a t i o n  of proteinoids by the protozoan Tetrahymena pyroformis 
R. The thermal proteinoids alone did not support growth, but they did support 
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such growth when supplemented with f r e e  amino acids.  Tetrahymena grow b e t t e r  
with f r e e  amino acids than with proteins.  However, i n  f igure  3, the equimolar 

- 

- / 
/ 

// FOUR-DAY-OLD TETRAHYMENA 
/ PYAOFORMIS CULTURE 

/ 

/ 
/ --- ERLP (EQUIMOLAR RATIO LEUCHS 

/ PROTEINOID) 
/ 

/ -x- 2 2 3 LEUCHS PROTEINOID 
/ 

/ - CASEIN 

0 .5 1.0 1.5 
mg OF LEUCHS PROTEINOID 
PER ml OF FINAL MEDIUM 

Figure 3.- Growth of Tetrahymena pyroformis on 
Leuchs proteinoids. 

r a t i o  Leuchs proteinoid i s  more e f fec t ive  
than t h a t  patterned after a (2:2:3) t he r-  
mal proteinoid which i s  about 40 percent 
aspart ic  acid. Therefore, it has a much 
more favorable balance of amino acids. 
Casein i s  not a su i tab le  control  f o r  
t h i s  organism. The poss ib i l i ty  of 
supernutr i t ional  Leuchs proteinoids can 
be visualized, however, on the bas i s  
tha t  a b e t t e r  amino acid balance can be 
found than i n  bioprotein.  

This paper has indicated bas ica l ly  
some of the  gaps t h a t  must be f i l l e d  f o r  
the objectives s ta ted .  The favorable 
aspects of knowledge from studies  of 

molecular evolution have been pointed out, pa r t i cu la r ly  the  ra t ionale  of 
pansynthetic approaches. 
demonstrated. 
of automatic peptide synthesizers, designed by Merrifield (ref .  22). 
problems have not been discussed, f o r  example, incinerat ion chemistry and 
pa la t ab i l i ty .  (The proteinoids have to lerable  f lavor .  ) Other problems have 
been p a r t i a l l y  analyzed. The s tudies  of 
free amino acids and of protein- l ike polymers appear t o  be more balanced than 
the ones on b io logica l  sources a t  a comparable stage of development. We draw 
t h i s  conclusion from the  f a c t  t h a t  nu t r i t iona l  and tox ic i ty  s tudies  and 
observations of t a s t e  were performed, i n  each case, before engineering 
analysis .  
The most meaningful summary a t  t h i s  point  i s  perhaps the  rea l iza t ion  t h a t  a 
new door, the  chemical pathway, t o  invest igat ion i n  space nu t r i t ion  is  open. 

Some of the  r e su l t s  with pansyntheses have been 
Another favorable development not discussed i s  the  existence 

Some 

Others remain t o  be ident i f ied .  

Even so, much of what has been presented i s  recent and incomplete. 
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THE EFFECTS OF CONTROLLED ENVIRONME3TT ON THE GROWTH OF 

HYDROGENOMONAS BACTERIA I N  CONTINUOUS CULTURES 

By John F. Foster and John H. Litchfield 

Ba t te l l e  Memorial I n s t i t u t e  
Columbus Laboratories 

The continuous cul ture  of Yydrogenomonas i s  the  intermediate step of a 
three-step closed l i f e  support cycle directed t o  the  conversion of the human 
metabolic wastes, urea and carbon dioxide, i n to  breathable oxygen and a food 
supplement. 
an e a r l i e r  paper ( r e f .  1). 
(1) the  col lect ion and recovery of the  C02 removed from the  cabin atmosphere 
by a regenerable C02 absorber, so t h a t  re la t ive ly  pure C02 gas can be f e d  
i n t o  the  gas phase of the  continuous culture; and (2 )  the  e lec t ro lys i s  of 
w a t e r  t o  produce breathable oxygen for  the  cabin supply, and by-product hydro- 
gen, which i s  a l so  fed t o  the  gas phase of the closed cul ture  vessel .  
a re  three  specif ic  advantages i n  the use of t h i s  culture:  (1) the  bacter ia  
use waste urea as a sole nitrogen source during growth, together with the  C02 
waste as a carbon source; the harvested excess of c e l l s  from a steady-state 
culture i s  a po ten t ia l  food for  man; (2)  the organism i s  not photosynthetic, 
so the  equipment designer need not confine the culture i n  t h i n  layers t o  have 
l i gh t  available t o  a l l  p a r t s  as i s  necessary i n  photosynthesis; and (3) the  
culture uses the by-product hydrogen from e lec t ro lys i s  as an energy source. 
Some oxygen must a l so  be supplied t o  the  culture environment, because the  
energy of the  growth process i s  derived from the  metabolic hydrogen-oxygen 
reaction, with the  production of water that can be recycled t o  the  
e lec t ro lys i s  c e l l .  

The po t en t i a l  advantages of t h i s  scheme have been discussed i n  
The other two steps of the  complete cycle a re :  

There 

OBJECTIVES 

In developing a workable closed cycle as outlined, the  primary objective 
is t o  control  the environment of the continuous cul ture  so as t o  maintain a 
steady s t a t e  indef ini te ly ,  operating a t  the highest eff iciency.  The highest 
overal l  eff iciency i s  an optimum combination of three  separate eff ic iencies  
whose r e l a t i ve  importance may vary with the requirements placed on the 
culture by the space mission i n  which it forms a p a r t  of the  l i f e  support 
sys tem . 

The individual ef f ic iencies  a r e  : (1) C02 conversion efficiency, 
qual i ta t ively  defined as the  r a t i o  of C02 conversion r a t e  t o  hydrogen and 
oxygen conversion rate; ( 2 )  urea conversion efficiency,  a r b i t r a r i l y  and 
qual i ta t ively  defined as the r a t i o  of prote in  harvested i n  the c e l l s  t o  the 
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urea converted; and (3) the  rate of production of harvested ce l l u l a r  material  
po ten t ia l ly  useful  as food per  un i t  volume o r  weight of the continuous culture 
i n  i t s  steady s t a t e .  

Two other par t i cu la r  objectives are regarded as secondary but  are 
i q o r t a n t  during t h i s  phase of the  research studies:  
of harvested ce l l u l a r  material f o r  use i n  feeding studies t o  determine i t s  
app l icab i l i ty  as a human food supplement, and the  development of re l i ab le ,  
e f f i c i en t ,  and accurate apparatus i n  which the  continuous culture can be 
studied. 
be a r e l i ab l e  guide f o r  the  design of f l ight- type apparatus for use on a 
m i s s  ion. 

the  maximum production 

It i s  anticipated t h a t  the ultimate design of such equipment would 

EQUIPMENT CHARACTERISTICS 

The design pr inciples ,  development and construction, and f i r s t  operation 
of the  o r ig ina l  continuous culture equipment have been described ( r e f .  l), 
and the  modified equipment presently i n  use s t i l l  operates on the  same basic 
pr inciples .  The quanti tat ive value of each of the controlled variables in  
the environment of the  continuous cul ture  i s  monitored by individual sensors 
whose s ignal  i s  a specif ic  function of the concentration o r  l eve l  of t h a t  one 
variable.  A t  the present time, these variables include the following: 
p a r t i a l  pressures of the  gases C02,  hydrogen, and oxygen; hydrogen ion 
concentration as pH; urea concentration; c e l l  population density measured 
as op t ica l  density a t  650 mp; temperature; and t o t a l  pressure. 
from the sensors f o r  the  variables under automatic control  a re  scanned i n  
sequence, each one during a 10-second in te rva l  i n  the  t o t a l  time cycle of 
1 minute. These s ignals  a re  carr ied t o  a recorder-controller and recorded i n  
the  same sequence on a s ingle  char t .  An individual control  c i r c u i t  i s  
assigned t o  each recorded signal ,  with the  c i r c u i t  s e t  t o  demand an addition 
of the  appropriate material  a t  a preset  minimum concentration. 
of incremental additions i s  used, i n  which the  demand s igna l  t r iggers  the  
addition of a f ixed and prese t  amount of the def ic ient  component i n  the  
environment. 
and another increment i s  added i f  demanded. 
the concentration i s  recorded but nothing i s  added u n t i l  concentration again 
f a l l s  below the  minimum. 
control  have been required by the  l imi ta t ions  of the available equipment, 
but the  effect ive  operation i s  the  same as described here. There a re  o r  have 
been as many as f ive  d i f fe ren t  charts  of simultaneous recordings of culture 
environment, which are correlated on a real-time scale i n  in terpret ing the 
data. A s  convenience, cost ,  o r  ava i l ab i l i t y  may permit, recording and con- 
t r o l l i n g  functions a r e  combined, or  added, or redundancies are eliminated 
with continuiing development of the apparatus. 

The signals 

The pr inciple  

During the  next minute, the concentration i s  again examined, 
When the deficiency i s  sa t i s f ied ,  

Some departures from these bas ic  principles of 
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QUALITATIVE OBSERVATIONS ON ENVIRONMENTAL EFFECTS 

Since there  had been no previous experience i n  the  experimental con- 
tinuous culture of Hydrogenomonas eutropha, the immediate objective of each 
experiment during the pas t  two years of experimental study has been t o  
achieve a high growth rate a t  high c e l l  density, and t o  maintain these i n  a 
steady state f o r  a s ign i f ican t  length of time. 
t ro l l i ng  variables t h a t  produced favorable or unfavorable trends was attempted 
a f t e r  each experiment to guide the  next experiment. 
in terpreta t ions  and ten ta t ive  conclusions based on a l l  accumulated experience. 

Iden t i f i ca t ion  of t he  con- 

This required se lect ive  

There have been evidences i n  the  course of the  continuous-culture studies 
of gra t i fy ing progress i n  the  form of improved equipment r e l i a b i l i t y  and i n  
better precision, completeness, and significance of environmental data. 
With t h i s  Srogress, the  accumulating observations of environmental e f fec t s  
have shown cer ta in  r egu la r i t i e s  i n  performance of the  growing cultures.  
a r e  reviewed i n  t h i s  section as background f o r  the  l a t e s t  s tudies on urea 
assimilation, which a r e  described f o r  the  f i r s t  time i n  a following section.  

These 

G a s  Assimilation Rates 

Bongers ( r e f .  2)  has pointed out t h a t  the conversion of CO2 by 
Hydrogenomonas eutropha a t  maximum efficiency should assimilate the three 
environmental gases i n  the  r a t i o  of 6 H2:2 02:C02. 
require r e l a t i ve ly  more hydrogen and oxygen per  mole of C02 converted, such 
as, fo r  example, a gas consumption r a t i o  of 8 H2:3  02:C02. ?"ne assumptions 
used i n  calculat ing these r a t i o s  a r e  overly simplified because the conversion 
of urea t o  prote in  by the  cul ture  i s  an important pa r t  of the t o t a l  process i n  
which C02 i s  assimilated. Nevertheless, it has been observed t h a t  the  gases 
a r e  usually assimilated i n  ratios close t o  the 6:2:1 combination. This r a t i o  
pat tern  seems t o  deviate largely  only when a major departure from a tolerable  
environment occurs. 
down considerably more, re la t ive ly ,  than the r a t e s  of consumption of H2 and 
02 9 

Lower eff ic iencies  would 

Then the  rate of C02 conversion t o  c e l l  carbon may slow 

The t o t a l  gas consumption rate exhibits  a comparatively sensi t ive  and 
rapid response t o  a change i n  environmental conditions, especial ly when the  
change i s  favorable t o  an increase i n  the  growth r a t e  of the  organism. In  
a number of instances an increase i n  gas consumption rate is def in i te ly  
measured within 30 minutes a f t e r  an environmental change, whereas it may be 
several  hours before the  trend can be detected d i r ec t l y  as an increase i n  
growth ra te .  

There appears to be a favorable range of about 5 t o  8 percent C02 i n  
the  gas phase, which enhanees cul ture  growth. 
appears t o  in te rac t  with other variables i n  the  system, par t i cu la r ly  pH, and 
possibly urea concentration, i n  ways t h a t  a re  not ye t  quanti tat ively c lear .  
Therefore, the  favorable C02 range may d i f f e r  as other variables change. It 
has been increasingly c lear ,  i n  repeated instances following an abrupt change 

The p a r t i a l  pressure of C02 



i n  the  cul ture  environment, t h a t  the  resul t ing change i n  the  C02 consumption 
r a t e  lags behind the  re la t ive ly  rapid changes i n  hydrogen and oxygen con- 
sumption ra tes  by about 4 hours, or about one generation time period of the 
organism. 

Bongers ( r e f .  3)  has noted an inhibi t ing e f f ec t  of high p a r t i a l  pressures 
of oxygen on growth i n  batch cultures.  
we have a t t e q t e d  t o  avoid high oxygen concentrations i n  the  gas phase. A 
range of 7 t o  10 percent oxygen has apparently been acceptable. 
cultures an excursion t o  high values of 25 percent or more oxygen has occurred 
inadvertently because of a deter iora t ing s igna l  from an overage oxygen sensor 
i n  the control  system. Nevertheless, the  sluggish behavior of a cul ture  i n  an 
aberrant environment could not be c lea r ly  ident i f ied  as oxygen inhibi t ion of 
growth. 

In  these continuous-culture studies,  

I n  some 

There have been no iden t i f i ab le  e f fec t s  of hydrogen p a r t i a l  pressure 
because of the minor f luctuations around the median value of about 85 percent 
hydrogen i n  the  gas phase, which has been used i n  a l l  the  continuous cul ture  
experiments. 

Hydrogen Ion Concentration 

Active growth of continuous cultures has occurred i n  the approximate 
pH range of 6.2 t o  7.0. A t  pH values above the upper l i m i t ,  it is  probable 
that s h i f t s  i n  the  COZ-bicarbonate -carbonate equ i l ib r ia  i n  the  l iquid  phase 
may reduce the assimilat ion of CO2 by the organiam and thereby inh ib i t  
growth. 
appears t o  change unfavorably. However, the  trend toward low pH appears t o  
be a r e su l t  of an unfavorable growth environment caused by other variables,  
ra ther  than an independent cause of poor growth. 
s tab le  pH i n  the  favorable range i s  charac te r i s t i c  of a s tab le  steady s t a t e .  
Cultures i n  a very act ive  growth mode (which i s  desirable)  tend t o  cause a 
pH rise i n  the medium. 

When the  pH of the  l iquid  phase is below 6.2, the  mode of growth 

It has been observed t h a t  a 

An automatic pH recorder-controller w a s  added t o  the  system only recently 
t o  study, i n  more de t a i l ,  pH variat ions and levels  whose influences were 
inferred, as generalized above, from intermit tent  manual smpl ing and pH 
measurement during the  work day only. The automatic control  was set t o  add 
hydrogen ion as HC1 solution a t  the  control  point  of pH = 6.7 t o  counteract 
r i s i ng  pH during a rapid growth condition i n  the  continuous culture.  
pH control  was  not suf f ic ien t  or appropriate t o  extend the  ac t ive  growth 
mode indef ini te ly ,  which reinforced the  tentative conclusion above t h a t  a 
trend i n  pH away from a s tab le  value i s  an e f f ec t  and not a cause of changing 
growth ac t iv i t y .  
p a r t i a l  pressure and urea concentration, are controll ing growth. 
from the  pH s igna l  may be useful  i n  future  experiments t o  control  these 
primary variables and thus t o  maintain rapid growth. 

Such 

The fur ther  inference is  t h a t  other variables, such as C02 
Feedback 
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Cell  Density and Growth Rate 

The papulation density of c e l l s  i n  the l iqu id  phas 
possible t o  a t t a i n  the  highest volumetric eff iciency o 
Simultaneously, the  growth r a t e  of the  dense c e l l  popu 
tained a t  a maximum level t o  convert the  waste-produc 
harvested material as rapidly as possible.  On the  ba 
Bongers (unpublished communications ) t h a t  c e l l  densi t ie  
(dry weigh t ) / l i t e r  were obtained i n  batch cultures, a t 
10 g / l i t e r  has been set f o r  the study of dense continuo 
growth r a t e .  

A goal of 0.26 per hour f o r  the  growth rate consta 
dense continuous cu l tu res .  This value w a s  selected bec 
mate maximum growth r a t e  observed repeatedly i n  the 
of batch cultures p r i o r  t o  reaching the c e l l  densi ty  des i r  
operation. A s imi lar ly  high growth rate has a l so  been ach 
short periods of several  hours during continuous cu l  
change from one s e t  of environmental conditions t o  ano,t 

So far, these goals have not been m e t .  There i 
they can be achieved, and perhaps exceeded substanti  
and much broader understanding of growth mechanisms be 
current s e r i e s  of experimental cultures.  The out l ines  
mechanisms are discussed i n  the  f i n a l  section of t h i s  p 

Up t o  the  present time, a c e l l  density of about 
demonstrated i n  a continuous cul ture  growing a t  a rat6 o 
hour. A growth r a t e  of about 0.23 has been reached 
4 t o  5 g of c e l l s  per  l i t e r ,  but  t h i s  r a t e  could not b 
ously i n  one experiment when an increase i n  the  c e l l  d 
was attempted. 

Composition of Harvested Cells 

The cul ture  environment influences the  elementary chemi 
of the  ce l l u l a r  material .  In  par t icular ,  c e l l u l a r  nitrogen 
corre la te  d i r ec t l y  with t he  concentration of nitrogen (as u 
growth medium. Analyses have shown about 14 percent ni trog 
material  i s  obtained with 2 t o  3 g of urea per  l i t e r  of med 
intermediate urea concentration of about 0.9 g / l i t e r ,  the ana 
s l i gh t ly  over 12-percent elemental nitrogen. 
0.2 g or l e s s  urea per  l i t e r ,  the  elemental analysis  has sh 
percent nitrogen, and growth appears t o  be inhibited by n i t  

Protein, amino acids, DNA, and c e l l  v i a b i l i t y  have bee 

In  a u 

manual methods on numerous individual and composite 
continuous cul tures .  A massive amount of raw data i 
not ye t  been quant i ta t ively  evaluated. Qualitative examinat 
DNA content of the c e l l s  is a sensi t ive  indication of growth 



cul ture  environment. Nitrogen and prote in  determinations indicate t h a t  the 
harvested c e l l s  contain about 50 percent protein,  with a l l  the e s sen t i a l  
amino acids present.  

Feeding tests have been d ra s t i ca l l y  l imited by the small amounts of 
harvested material thak can be supplied. 
on the  bas i s  of 1-week feeding t e s t s  with 10 weanling male albino rats (plus 
10 controls) ,  t h a t :  
- H. eutropha nitrogen was  s l i gh t ly  below tha t  of casein--93 versus 99 per-  
cent--but within the  normal range . . . . I '  Although the  feeding data a r e  
too f e w  t o  be decisive, these r e su l t s  a re  most encouraging. 

Calloway and Margen ( r e f .  4) report,  

"Digest ib i l i ty  (or ,  more properly, net  absorption) of 

Urea Assimilation 

In  a l l  experiments preceding the  last f e w ,  which a r e  discussed l a t e r ,  
analyses of the urea i n  the  cul ture  were made manually by the  method of 
Coulombe and Favreau (ref .  5 )  from s m a l l  (25 m l )  samples withdrawn periodi-  
ca l ly  (usually hourly during the  work day) from the  cul ture .  
s tored frozen u n t i l  the  next day, when a l l  were analyzed. 
appeared e r r a t i c ,  but ca re fu l  review of the procedures and multiple p a r a l l e l  
determinations on a l iquots  of the same sample indicated t h a t  storage pract ice  
and the ana ly t ica l  manipulations were quite acceptable. 
r e su l t s  reinforced the ea r ly  indications t h a t  the  amount of urea added t o  the  
growing cultures i n  in termit tent  doses did not bear a sinrple relat ionship t o  
the urea detectable before and after by analysis  of the  l iquid  phase. It 
seemed, qual i ta t ively ,  t h a t  a p a r t  of the added urea w a s  sequestered i n  some 
manner almost immediately. In  two instances, detectable urea increased above 
the concentration l eve l  a t  which it had been measured soon a f t e r  a large dose, 
when a second analysis  w a s  made an hour or so  after the first ,  without any 
intervening second dose of urea. 

Samples were 
The r e su l t s  

The accumulating 

Often the  growth r a t e  of a cul ture  deteriorated when slow and continuous 
additions of urea were f i r s t  s t a r t ed  a f t e r  a period of batch cul ture .  These 
additions were necessary t o  replace the  urea being consumed during the  
preliminary phase of a steady-state cul ture  i n  which the c e l l  density w a s  
being increased t o  the  t a rge t  value f o r  the proposed steady state. 
general impressions w e r e  t h a t  there  are s i x  features  of urea assimilat ion:  
(1) a pseudoreaction i n  which new urea i s  sequestered by the  culture,  ( 2 )  an 
inhibi t ing e f fec t  of new urea on growth of the  culture,  (3 )  a time lag of 
several  hours before the cul ture  adjuses t o  a change i n  environment, and then 
a shor t  period of sh i f t ing  t o  a d i f fe ren t  steady state, (4 )  slow growth with 
possible formation of by-products a t  urea concentrations greater  than about 
1 g / l i t e r ,  ( 5 )  slow growth because of nitrogen deficiency a t  concentrations 
l e s s  than about 0.2 g urea/liter, and (6)  a r e l a t i ve ly  narrow range of urea 
concentration f o r  optimum growth within the l imi t s  0.2 and 1.0 g / l i t e r .  
r e a l  optimum probably depends upon the  absolute values of other variables,  
such as COP p a r t i a l  pressure, pH, and steady-state c e l l  density. 

The 

The 

The above impressions are an accumulation of p a r t i a l  in terpreta t ions  
from many experiments. Quantitative data were often not exactly reproducible, 
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and the  above qua l i t a t ive  in terpreta t ions  were not always possible f o r  any 
one experiment because of in teract ions  among the  many variables i n  the  cul ture  
environment. The inescapable conclusion was t ha t  continuous automatic analy- 
sis of urea concentration { r e f .  6 )  must be applied t o  the  culture together 
with feedback control  a t  a preset  urea l eve l .  
progress repor t  describing par t s  of the  first experiment with complete control  
of urea concentration. 
the new data, but others require fu r ther  study of the new data,  as well as 
addit ional  experiments. 

The following section is a 

Some of the  e a r l i e r  in terpreta t ions  are supported by 

UREA CONSUMPTION RATES 

Figure 1 is a reproduction of a section of the  recorder chart  i n  which 

s i t y  i n  the  culture,  both as func- 
t ions  of r e a l  time along the  abscissa. 
The ordinate on the l e f t  is percent- 
age transmittance of the  ana ly t ica l  
samples, a t  480 mp f o r  urea and 
630 mp f o r  c e l l  density.  
t i on  curves t r ans l a t e  concentration 
i n  gravimetric un i t s .  
cul ture  w a s  recorded on another 

record were transferred t o  f igure  1 

the upper curve represents urea concentration and the  lower curve, c e l l  den- 

20 

Calibra- 

The pH of the  

30 

c 

7.0 
ii 40 

d 50 PH chart .  Points from tha t  o r ig ina l  8 
m t o  F n s t r u c t  the middle curve. Some 
t- 3 70 5.0 deta i led  features of the  o r ig ina l  

record, as shown, are the subject of 

k 60 6.0 

80 t h i s  discussion. 

The sawtooth curve of urea con- 
TIME, hr centrat ion results from intermittent  

90 
7pm 8pm 9 Pm lopm I ipm MAR 15, 1966 

additions of urea solution t o  the  
continuous cul ture .  The urea content 
r i s e s  while the concentrated solution 

Figure 1.- Urea study - 7 p.m. to 1 1 p . m . ,  
March 15, 1966. 

of urea is being added because urea is  supplied more rapidly than it is con- 
sumed by the  organisms. 
decreases as consumption by the  organisms continues. The curve segments are 
approximately l i nea r ,  and the i r  posi t ive  or negative slopes a r e  defined guan- 
t i t a t i v e l y  by p lo t t ing  an average s t ra igh t  l i n e  d i r e c t l y  on the chart .  
in tersect ions  of these s t ra igh t  l i n e s  corre la te  with the  recorded times a t  
which the  automatic equipment s t a r t ed  and completed each period of urea addi- 
t ion .  These intersections a r e  designated by cap i t a l  l e t t e r s  entered on the 
charts  so  t h a t  segments of the  urea curve can be ident i f ied  by the  two letters 
at  the ends of each segment. 

After urea input ceases, the  urea concentration 

The 



Urea Balance Calculations 

consumption during each segment of the curve have been 
lance applied t o  each segment. Table I shows sample 

TABLE I.- UREA BALANCE 

a 
n t  ST of f igure  1. 

Urea added by in jector ,  g / l i t e r  196 
Urea added with nutr ient ,  g / l i t e r  017 

. 865 

Urea i n  overflow t o  harvests,  g / l i t e r  * 012 
Inventory a t  T, g l l i t e r  .80, 
Total .81, 

a consumed, by difference -052 

umption rate, g / l i t e r  -hr, 0.052/0 267 .20 

j. . .  
, 8 .  

Estimated Error 

The 
standard 
the urea 
chaxt . 
consecut5ve curve segments resolve the  time period of each segment t o  21 min- 
ute  on the  recorder char t .  
concentration differences and time periods of the  magnitude represented by 
the  urea balance of table I probably represents an uncertainty no larger than 
+O .O3 g / l i t e r  -hr . 

ra t ion  of the  transmittance of the  spectrophotometer c e l l  with 
scdutions gives a s t r a igh t  l i n e  on a semilog p l o t  t h a t  defines 
%rat ion within about 20.004 g / l i t e r  as read from the recorder 
ersections of the  p lo t ted  posi t ive  and negative slopes of two 

The calculated rate of urea consumption f o r  

Further experiments w i l l  be necessary t o  eliminate the  pos s ib i l i t y  of 
systematic errors  and es tab l i sh  reproducibility. The data and discussion i n  

ions are offered as a progress report,  subject  t o  possible 
e data are obtained and evaluated. 



Differences i n  Apparent Consumption Rates 

Urea consumption r a t e s  have been calculqted for a number of segments of 
the  urea concentration curve by the  method of urea balances described above i n  
t ab le  I. Table I1 presents the r e su l t s  of these calculat ions,  which include 
some pa r t s  of the continuous cul ture  record t h a t  are not reproduced f o r  t h i s  
paper. 
apparent assimilat ion rates with and without additions of makeup urea t o  the  

For convenient reference, the  urea rates are i n  two columns, giving 

culture.  

TABU 11. - APPARENT UREA CONSUMPTION RATES 

Curve Time span, Urea rate, g / l i t e r  -hr 
During urea No urea 
addition addit ion 

segment hr 

m 
NO 
OP 
PQ w 
RS 
ST 
TU 
uv 
vw 
wx 
XY 
YZ 
ZAA 

AABB 
BBCC 
CCDD 
DDEE 
ml?F 
FFGG 
GGHH 
"11 
IIJJ 

0.25 
.68 
33 

0 9 7  
* 32 
1-07 

0 2 7  
* 83 
32 

2.47 
.18 
2.52 

.28 
1-93 
.28 
2.00 
027 
1.55 
.48 
30 

.68 
37 
.48 

0.33 

9 31 

.20 

( *39) 

(*08) 

21 

25 

.21 

12 

.14 

0.17 
9 17 

.16 

13 

13 

07 

.06 

.10 

* 09 

.08 

.08 

9 07 

.10 

It is notable t h a t  the  apparent rates are always higher during the  
periods of urea addit ion as compared with the  intervening periods while the 
cul ture  i s  assimilat ing urea from the  inventory i n  the  medium and the  con- 
centrat ion is decreasing. 
assimilat ion could change abruptly a t  the  beginning and end of each period of 
urea addit ion.  
reversible equilibrium between dissolved urea detectable by analysis  and some 
form of absorbed urea sequestered on the  c e l l  surfaces. Presumably more urea 
would be absorbed as the concentration rises during addit ion periods, and some 

It is inconceivable t h a t  the  rate of urea 

A possible explanation i s  t h a t  t he re  may be a rapidly 



would be desorbed t o  the  solution as the concentration falls without 
additions. Such a hypothetical process would cause the observed differences 
i n  calculated ra tes ,  even if  the  metabolic assimilat ion rate remains approx- 
imately constant during short  periods of a l t e rna te  adsorptions and 
desorptions. 

A slower change i n  consumption ra tes  i s  indicated i n  the  time span of 
4 hours including MN t o  ST a t  the  top of t ab le  11. 
concentration w a s  raised from a lower value t o  the  t a rge t  value of about 
0.75 g / l i t e r  selected f o r  t h i s  experiment. 
decrease i n  apparent ra tes  over the  next 2 or 3 hours, which might not have 
been recognized as possibly s ignif icant  were it not f o r  qual i ta t ive  evidence 
from earlier experiments that high concentrations of urea may inh ib i t  growth 
or change the  metabolic assimilat ion process. 
above the  optimum concentration range. 
a re  planned. 

A t  time M the  urea 

There followed a detectable 

Perhaps 0.75 g u rea / l i t e r  i s  
Experiments a t  lower concentrations 

Referring again t o  f igure  1, the c e l l  density curve a t  9:OO p.m. r e f l ec t s  
the abrupt decrease i n  c e l l  population density caused by withdrawing half  the 
act ive  culture and then di lu t ing the  remaining culture t o  the  normal volume 
of 2 l i t e r s  by adding 1 l i t e r  of medium. 
segments W and WX i n  tab le  I1 are  enclosed i n  parentheses. 
t o  be unreliable because of the  disruption during d i lu t ion  of the  automatic 
continuous urea analysis .  
those before di lu t ion,  which might be expected with only half  as many growing 
c e l l s  per  l i t e r  a f t e r  d i lu t ion.  

The anomalous urea r a t e s  f o r  
They a r e  presumed 

The urea ra tes  during VW and XY a re  about half  

Following urea addition during CCDD, the  urea in ject ion apparatus w a s  
adjusted t o  add urea more slowly, so t h a t  the  concentration would not over- 
shoot as far above the  s e t  point  before the  ana ly t ica l  apparatus could 
respond by cut t ing off the  in ject ion.  The qual i ta t ive  e f f ec t  w a s  t o  reduce 
the  apparent consumption rate during in ject ion periods FFGG and "11. This 
r e su l t  i s  i n  accord with the  hypothesis t h a t  the  amount of adsorbed urea 
increases with increasing concentration i n  the  medium. 

GROWTH RATE 

During the  whole time covered i n  f igure 1 and f o r  a preceding period 
a f t e r  2 p.m. of the  same day, the culture was being di lu ted a t  a constant 
r a t e  of 0.12 hr-'. The c e l l  density w a s  slowly increasing, showing t h a t  the  
growth rate was s l i g h t l y  higher than the  d i lu t ion  ra te .  
d r i f t i n g  slowly upward. This d r i f t  was compensated occasionally by automatic 
addit ion of acid whenever the  preset  l i m i t  of pH = 6.7 w a s  exceeded. Such an 
addit ion occurred a t  8:io p.m. as shown on the  char t  by an abrupt change from 
pH = 6.7 t o  pH = 6.4. 
trend of pH i s  a qual i ta t ive  indication of a re la t ive ly  ac t ive  continuous 
culture,  a t  least i n  the  environments studied experimentally so far. 

The pH was a l so  

It has been observed several times t ha t  an upward 
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Following the  abrupt d i l u t i on  of the  cul ture  at  9 p.m., the  pH trended 
downward and growth r a t e  slowed, fo r  reasons not yet understood. Figure 2 
shows these trends during a following interval ,  which is not quite consecu- 
t i v e ,  because a 30-minute in te rva l  has been deleted from the  chart  between 
figures 1 and 2.  
t o  such an extent t ha t  it f e l l  behind t h e  d i lu t ion  ra te ,  and the  c e l l  density 
was dropping a t  midnight. Simultaneously, the  change toward a more acid 
culture accelerated. 

It is e a s i l y  seen on f igure 2 that the  growth rate decreased 
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Figure 2.- Urea study - 11 p.m., March 15, 1966, 
to 3 a.m., March 16, 1966. 
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Figure 3 . -  Urea study - 1 p.m. t o  5 p.m., 
March 15, 1966. 

A spontaneous accommodation t o  
culture environment appears a t  about 
l2:3O a . m . ,  when growth matches 
d i lu t ion  and c e l l  density s t ab i l i z-  
ers. A t  1:20 a . m .  a small but rapid 
increase i n  transmittance occurs i n  
the c e l l  density detector,  which 
would normally be interpreted as a 
decrease i n  c e l l  density.  Although 
the apparatus w a s  unattended, the  
records indicate that a l l  apparatus 
was operating properly, and tha t  the  
change must have been a s h i f t  i n  the 
transmittance of the  culture without 
a change i n  the  c e l l  population. 
This w a s  followed immediately by an 
increase i n  growth r a t e ,  and about 
40 minutes l a t e r  by a turn-around i n  
the  pH trend toward increasing pH 
values. These a re  the  recognizable 
character is t ics  of an ac t ive ly  grow- 
ing cul ture .  One other rapid change 
i n  the  continuous culture had been 
the d i lu t ion  4.3 hours e a r l i e r ,  
shown i n  f igure 1. It seemed pos- 
s ib l e  t h a t  the  two were re la ted,  and 
that an induction period of about 
one generation time had intervened 
between cause and f i n a l  e f f e c t .  

Other par t s  of the recorded 
cell-dens i t y  curve were reexamined 
f o r  rapid changes similar t o  the one 
discussed above. Figure 3 shows a 
section of t he  chart  record from 
ear ly  t he  preceding afternoon, which 
contains four smll rapid reversals  
i n  the  c e l l  density.  Two, at  
1:20 p.m. and 3:U p.m., were real 
reductions i n  c e l l  density caused 
by batch d i lu t ions  t o  correct  l o w  
cul ture  volwne caused by excessive 
discharge through the  harvest 
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overflow. 
pH following an ac id  addit ion a t  that t i m e .  
be re la ted  t o  any simultaneous occurrence; however, it was followed by the  
increase i n  growth rate and the  upward pH trend charac te r i s t i c  of the  similar 
change i n  transmittance at 1:20 a . m . ,  as described above. Furthermore, a t  
1O:OO a . m . ,  3.8 hours before, one l i t e r  of the  cul ture  had been withdrawn and 
the  remainder had been d i lu ted  1:l by adding a l i t e r  of medium. 

A t h i r d  a t  about k : l 5  p.m. was  probably re la ted  t o  the  change i n  
A four th  a t  1:45 p.m. could not 

It thus appears t h a t  some features  of the cul ture  environment exert  an 
influence on cul ture  charac te r i s t i cs  a f t e r  a delay period of about four hours. 
These influences are not yet  understood o r  explainable, but  it is  probable 
t ha t  t h e i r  existence must be recognized and accomodated before optimum 
growth can be a t ta ined,  maintained, and controlled. 

CONCLUSION 

A large number of variables must be controlled i n  a continuous cul ture  
of Hydrogenomonas eutropha and these apparently in te rac t  t o  cause nonlinear 
responses i n  a control  system. 
the control  requirements w i l l  r e su l t  from fur ther  studies of continuous 
cultures,  such as  a re  described i n  a preliminary way. It should then be 
possible t o  maintain continuous cultures a t  high e f f ic ienc ies  f o r  very long 
periods of time. 

The development of a b e t t e r  understanding of 
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ALGAL SYSTEMS FOR BIOLOGICAL FOOD SYNTKESIS 

By C.  H. Ward 

Rice University 

and 

R. L. Miller 

USAT School of Aeraspace Medicine 

During the  past  1-5 years, research e f f o r t  on photosynthetic regeneration 
fo r  space l i f e  support has cycled from conception i n  1952, through a period 
of intense a c t i v i t y  i n  the years 1957 to  1962 t o  the present, where only a few 
laboratories are ac t ive ly  engaged i n  applied aspects of the problem. 
time it was common to speak of bioregenerative l i f e  support only i n  c l a s s i ca l  
terms of  closed ecological systems. Some idea l i s t s  have stuck to the premise 
t ha t  closed ecological systems with complete material  balance are mandatory. 
However, it i s  a fa i r  statement of f a c t  that most bioregenerative research 
(photosynthesis or otherwise) has been directed toward atmosphere regeneration 
only, t ha t  is, provision of oxygen and removal of carbon dioxide. Only 
l imited a t tent ion has been given t o  solubi l iza t ion and reuse of human waste 
products and even l e s s  a t tent ion t o  the problem of using algae and other 
microbes fo r  an acceptable, continuous food supply. Concentration of e f f o r t  
on atmosphere regeneration may be warranted since it can ea s i l y  be shown tha t  
about 85 percent of man* s requirements can be s a t i s f i ed  by recycling water and 
exchanging respira tory  gases. However, present indications are t ha t  a greater  
degree of closure will be necessary t o  make regenerative systems competitive 
with stored systems f o r  long-term space missions. 

A t  one 

This paper w i l l  b r i e f l y  summarize available information on fac tors  known 
to af fec t  the mass cul ture  of algae (primarily chlorel las)  f o r  photosynthetic 
gas exchange, discuss the current s t a t e  of development, and describe one 
experimental program t o  i l l u s t r a t e  the immediate future  of bioregeneration by 
photosynthetic processes. The l i t e r a t u r e  on a l g a l  photosynthetic gas 
exchangers w a s  recently reviewed i n  d e t a i l  (ref. 1). 
writ ten an excellent  summary on the nu t r i t iona l  qua l i t i e s  of algae. 

Krauss ( r e f .  2) has 

FACTORS LIMITING ALGAL GROWTH 

Control of a var ie ty  of growth fac tors  i s  required f o r  optimization of 
a lga l  mass cultures f o r  photosynthetic gas exchange ( tab le  I). 
as temperature, COe concentration, pH, and nutr ient  supply are ea s i l y  con- 
t ro l l ed  and maintained a t  nonlimiting levels .  
t i on  are generally not controlled, but seldom cause d i f f i c u l t i e s  at  ambient 
levels.  Light qual i ty  and in tens i ty  are also subject t o  control.  However, 

Factors such 

Pressure and oxygen concentra- 



the t r ans fe r  of energy i n  the form of l i g h t  and the consequences of l i g h t  
saturat ion severely l i m i t  the eff iciency of the  photosynthetic process and, i n  
turn, the development of compact a l g a l  regenerative systems. I n  fact, optimi- 
zation of the photosynthetic process has evolved la rge ly  in to  a problem of 
illumination engineering. 

TABLE I. - FACTORS AFFECTING GROWTH OF THERMOTOLERANT CHLO'RELLA 

Variable 

Light in t ens i ty  
Light qual i ty  
Temperature 
Carbon dioxide 
Oxygen 
pH of medium 
Minerals 

Macro 
Micro 

Pres sure 

Range 

0-10,000 f t - c  
0 25-0 - 7 ~  
25O-40' C 
1-40 mm 
1-160 IXKI 
3 -11 

Optimum 

1600 f t - c  

3 9 O  c 

6 .o-6.8 

0 . 4 - 0 . 7 ~  

Not s e ns it ive 
Not sens i t ive  

10 -2 -10 -3 Not sen s it i ve 
10-6-10-7 M Not sensi t ive 

water-1 a t m  

Liberation of oxygen through the  process of photosynthesis requires 
energy i n  the  form of v i s ib le  l i g h t .  Light as a source of energy i s  not only 
d i f f i c u l t  t o  generative e f f i c i en t ly ,  but i s  also d i f f i c u l t  t o  t ransfer  t o  the  
plant pigments where usefu l  work i s  accomplished. Furthermore, illuminated 
plants  are able t o  convert only a f rac t ion  of the  energy absorbed i n t o  new 
c e l l  material. Hence, i n  the overa l l  

r 

0 5 IO 
VISIBLE IRRADIANCE, I 

mw/cm2 

process of photosynthetic bioregenera- 
t ion ,  eff ic iency i s  l o s t  during genera- 
t ion,  t ransfer ,  and absorption of the 
energy required t o  drive the  process. 

Figures 1 and 2 help_ i l l u s t r a t e  
the problem of energy t ransfer  t o  and 
absorption by algae. Individual a lga l  
c e l l s  respond t o  incident l i g h t  energy 
i n  a predictable manner ( f i g .  1). The 
ordinate i s  the ce l lu l a r  growth rate or 
photosynthetic rate and the abscissa 
has u n i t s  of irradiance. The same type 
of curve would hold f o r  illuminance. 
It i s  evident t h a t  growth of algae 
becomes saturated with increasing l i g h t  
in tens i ty .  A t  low in tens i t ies ,  growth 
rate increases with increasing inten-  Figure 1.- Specific growth r a t e ,  k, as a function 

of irradiance.  Ib denotes the  irradiance s i t y ,  and efficiency (given by the 
required t o  balance respi ra t ion .  Is denotes slope o f  the curve) i s  maximal. The 
irradiance a t  which growth r a t e  becomes l i g h t -  symbol 
sa tura ted  (ref. 1) . I b  i s  the compensating inten-  

s i t y  or the  irradiance required t o  jus t  
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maintain the  overhead basa l  metabolism; 
Is i s  the  (approximate) l i g h t  saturat- 
ing intensi ty ,  above which growth rate 
cannot be increased. Consequently, 
when irradiance i s  increased above Is, 
eff iciency of l i g h t  u t i l i z a t i o n  f a l l s  
rapidly.  

E f f  iciency considerations are 
m r t h e r  complicated i n  mass cul ture 
applications because algae absorb l i g h t  
beyond t h a t  which can be productively 
used. I n  large -scale cul ture ,  maximum 
productivity and grea tes t  eff ic iency 
are obtained w i t h  l ight- limited, op t i -  
c a l l y  dense cul tures .  I n  op t i ca l ly  
dense 
with op t i ca l  thickness according to  the 

OPTICAL THICKNESS, ECX 

Figure 2.- Irradiance decay i n  a l g a l  cul tures  as  
a function of o p t i c a l  thickness (ref. 1) . l i g h t  intensity decays 

absorbance curve i n  f igure  2. S tar t ing  with some i n i t i a l  irradiance 
(70 mW/cm2) a t  the surface o f  a panel-tyye cul ture vessel, the  in tens i ty  
decays with increasing cul ture  depth x i n  some approximation t o  Beer's law. 
Throughout the  cul ture ,  gradations i n  l i g h t  in tens i ty  give r ise to  gradations 
i n  ce l lu l a r  photosynthetic r a t e s  which are  governed by the response curve i n  
f igure 1. The overa l l  rate i s  a composite of each d i f f e r e n t i a l  increment of 
cul ture thickness and may be determined by integrat ion.  Several mathematical 
treatments have been made on t h i s  bas is ,  but no one model has ye t  accounted 
f o r  a l l  of the  many fac tors  involved. 

The model f i r s t  proposed by Dr. Vannevar Bush i n  1952 can be used, 
within l i m i t s ,  t o  estimate dense cul ture performance. The model i s  based on 
the assumptions tha t  (1) the  cul ture i s  exposed t o  a uniform plane of l i g h t  i n  
a rectangular (panel-type) cul ture vessel, (2) a l l  of the  l i g h t  i s  absorbed by 
the culture,  (3) the l i g h t  curve can be approximated by two s t r a igh t  l i nes  
intersect ing a t  Is and t h a t  Ib i s  negligible,  and (4)  l i g h t  in t ens i ty  
decays exactly according t o  Beer's l a w ,  t h a t  is ,  I x  = Ioe-CX. 

If we l e t  

c population density, g / l i t e r  

x cu l ture  depth 

L depth of panel 

R production rate, g/m2-day-' 

k r a t e  of photosynthesis per u n i t  c e l l  mass, g/g-day-' or l/g-day-' 

and from assumptions (3) and ( 4) 
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assumed equivalent t o  irradiance. The 
data represent the performance charac- 
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then, by integration,  the production r a t e  R becomes 
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and efficiency E becomes 
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It is  of i n t e r e s t  t o  compare the eff ic iencies  shown i n  figure 3 with the 
If the  maximum theore t ica l  maximum at ta inable  with a r t i f i c i a l  l i g h t  sources. 

(fluorescent l a m p )  eff iciency f o r  the conversion of e l e c t r i c a l  energy in to  
l i g h t  energy i s  20 percent and the  m a x i m u m  a lga l  eff iciency f o r  the  conversion 
of l i gh t  energy to chemical energy i s  about 20 percent, the maximum a t ta inable  
overal l  eff iciency becomes 0.2 X 0.2 = 0.04 or 4 percent, which i s  equivalent 
t o  6.3 g (dry) algae/kWh. 
m a x i m  value. 

The highest ef f ic iencies  shown are  about half the 

Wallman e t  a l .  
Ward e t  a l .  
Hannan e t  al.  
Matthern and 

Koch 
Gafford and 

Fulton 
Meleshko 

There are two  obvious ways to increase the overa l l  eff iciency of 
photosynthetic regeneration. 
and the other i s  t o  f ind a more e f f i c i en t  alga. 
are br ight ,  a t tent ion i s  being given t o  both aspects of the problem. It i s  
now c lear  t ha t  thermotolerant chlorel las ,  once thought to be f a s t e r  growing 
and highly e f f i c i en t ,  are no more productive or e f f i c i en t  than l o w  temperature 
s t ra ins  when compared i n  mass culture.  

One i s  t o  develop a more e f f i c i en t  l i gh t  source, 
While prospects f o r  neither 

Fluorescent 
F luo re scent 
Quartzl ine 
Quartzl ine 

Sunlight 

Incandescent 

GAS EXCHANGER PEEIFORMANCE 

9.2 
12.0 
1 -7  
1.5 

12.0 

--- 

Numerous a lga l  gas exchangers have been designed, constructed, and a t  
l e a s t  p a r t i a l l y  tes ted.  
l i m i t s  in terpreta t ion of published data. 
respira tory  support of one man (600 l i t e r s  O2/day) are  presented i n  t ab le  11. 

Most are  inadequately described, which severely 
Typical gas exchanger data f o r  the 

460 7 
100 10 

43 48 
46 68 

-e- 340 

3.5 - -- 

TABU 11.- COMPARISON OF PI-IOTOSYNTHETIC GAS EXCHANGE SYSTEMS 

Author a 
Efficiency, 

percent 

2.2 
1 . 5  

,.- 

-e- 

One -man requirement 

Area, 1 Volume, 1 Power, 
m2 l i t e r  kW 

%or complete c i t a t i ons  and addit ional  information, consult 
Miller and Ward ( r e f .  1). 

No d is t inct ion i s  made between reported values and those calculated from the 
author's data. Although discrepancies ex i s t  i n  the data, they are  mme appar- 
ent than real. The data suggest an inverse re la t ionship  between power and a l l  
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Figure 4.- Illuminated surface area  required f o r  
one-man support as a function of i l lumination 
power (ref.  I). 

other  parameters l i s t e d .  The 
relat ionship between power and ef f i-  
ciency i s  i l l u s t r a t e d  i n  f igure  3. 
That illuminated surf ace area and, 
hence, volume (generally the greater  
the  surface area the greater  the 
volume) are  inversely re la ted  t o  
power input i s  demonstrated i n  f i g -  
ure  4. Data are reported values 
(ref.  1) ; the  curves represent the 
Bush equation f o r  lamps of LO- and 
20-percent e l e c t r i c a l  efficiency. 
A compromise between surf ace area, 
volume, and power input i s  obviously 
required, depending on whether the 
design objective i s  maximum e l e c t r i -  
c a l  eff ic iency or minimum gas 
exchanger mass . 

Demonstrated pr inciples  of a lga l  metabolism permit calculat ion of minimum 
values f o r  a photosynthetic system capable of supporting one man. Present 
a r t i f i c i a l  l i g h t  sources will require approximately 4 kW of power and from 
10 t o  15 m2 of illuminated surface. 
in t ens i ty  j u s t  outside the ea r th ' s  atmosphere i s  used, a minimum of about 6 m2 
o f  energy-collecting surface w i l l  be required. Both of these a l te rna t ives  
present obvious problems t o  the  design engineer; because of these problems, 
other methods of bioregeneration are being investigated. 

If continuous d i rec t  sunlight a t  the  

CURRECJT DEVELOPMENT 

I n  comparison with the  l imited information available on a l te rna t ive  
b io logica l  and physicochemical systems, parameters and l imitat ions governing 
the development of a l g a l  photosynthetic systems are well  known. 
ex is t ing  engineering and performance data  do not permit rigorous comparative 
l o g i s t i c  analyses. The r e l i a b i l i t y  and engineering charac ter i s t ics  of a man- 
supportive a lga l  system have not been adequately determined. Reported r e su l t s  
of  human l i f e  -support experiments w i t h  a lga l .  systems are  questionable primar - 
i l y  because of  the i n a b i l i t y  t o  control  gas leakage. Thorough engineering 
analysis and demonstrated r e l i a b i l i t y  are requis i te  t o  serious consideration 
of any b io logica l  regenerative system fo r  space application. A current A i r  
Force program i s  designed t o  obtain the needed information on a l g a l  systems. 

However, 

The USAF School of Aerospace Medicine has contractually developed a 
large capacity algal photosynthetic gas exchanger with human life- support 
capabi l i ty .  The exchanger system has suf f ic ien t  nominal capacity t o  provide 
the CO2-02 exchange necessary f o r  support of two men i n  a closed environment. 
Since the exchanger was  designed as a research t o o l  and not a f ly ing  prototype, 
no attempt w a s  made t o  conserve t o t a l  hardware volume or weight. The primary 
emphasis i n  design was t o  ensure r e l i ab le  operation, ease of maintenance, and 
t o  provide complete instrumentation. 



The exchanger system consis ts  of two carts ( f i g .  5) .  The i n s t m e n t -  
process c a r t  ( l e f t )  contains the instrumentation and hardware required f o r  
control, as w e l l  as the  gas and l iquid  pumping, contacting, and separating 
machinery. 
banks, and air blowers and dampers necessary for temperature regulation. 

The cul ture c a r t  ( r ight )  contains the algae growth panels, lamp 

Figure 5. - Front v i e w  of two-man capacity a l g a l  photosynthetic gas exchanger. 

The a l g a l  cul ture  i s  illuminated i n  t h i n  panels sandwiched between banks 
Important design charac ter i s t ics  o f  the i l l u -  of fluorescent lamps ( f i g .  6 ) .  

mination system are given i n  tab le  111. 
two men requires 10 cul ture panels and 11 lamp banks. 
consis ts  of 16 tubes, 110 ern long and 7.5 em wide, with an illuminated culture 
depth of 0.5 em. Hence, the l igh t  path i s  2.5 mm with b i l a t e r a l  illumination. 
Each cul ture panel has 2.65 m2 of illuminated surface (both s ides)  and holds 
about 7.4 l i t e r s  of cul ture  including the tubes and turnarounds. 

Nominal design capacity t o  support 
Each culture panel 

Each lamp bank contains 24 fluorescent lamps (110 W, Sylvania @T12 
CW/vI-IO) f o r  a t o t a l  illumination power requirement of 29 kW. This power 
requirement i s  a design charac ter i s t ic  and i s  s t i l l  subject t o  tes t ing .  Con- 
servative design c r i t e r i a  were employed throughout the exchanger system and 
it i s  possible t h a t  less power will be required t o  support two men. 

The a l g a l  cul ture i s  continuously circulated by a centr i fugal  pump 
through the  gas contactors, gas separator, and illuminated cul ture panels 



Figure 6. - Culture c a r t  of two-man capacity a l g a l  photosynthetic gas exchanger showing cul ture  
panel and lamp bank. 

TABLE 111.- TWO-MAN PHOTOSYNTHETIC EXCHANGER DESIGN CHARACTERISTICS 

Parameter Quanti ty 

Number of algae panels- 
Nuniber of lamp banks 
Culture volume 

Tot a1 
Illuminated 

Illuminated surf ace area 
Illuminated cul ture  depth 
Illuminated power input 
All other power input 1 

10 I 
I 11 

100 l i t e r s  
74 l i t e r s  
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Figure 7. - Instrument-process ca r t  of two-man capacity a lga l  photosynthetic gas exchanger 
showing pump, plumbing, liquid-gas contactors, cent r i fuga l  liquid-gas separator, and 
other  cont ro l  equipment. ( f i g s .  7 and 8 ) .  

contacting i s  accomplished by sparging 
C02-rich air under pressure through 

l iquid  flow l ine .  Two separate (but 
ident ica l )  gas contactors are operated 
i n  p a r a l l e l  so tha t  one may be taken 
of f- l ine  a t  any t i m e  f o r  cleaning and 
maintenance. The gas i s  separated by 
cent r i fugal  action on the  two -phase 
flow stream applied by high veloci ty 
tangential  en t ry  in to  a cyl indr ica l  
vessel. The 02-rieh gas i s  vented off  
the  top of the separator, dehumidified, 
depressurized, analyzed, and f i n a l l y  
exhausted t o  an environmental chamber 

Gas-liquid phase 

GAS 
co2 -RICH AIR ,NTAKE sintered s t a in le s s  s teel  f i l t e r s  i n  the  

PUMP 

Figure 8.- Flow schematic of two-man capacity O r  t o  the  atmosphere as the experiment 
a l g a l  photosynthetic gas exchanger. d ic ta tes .  
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Projected operational capabi l i t i es  of the  exchanger system are given i n  
table  I V .  The carbon dioxide oxygen exchange capacity may be varied from 0 t o  
1200 l i t e r s /day  depending upon the  number of cul ture  panels. Both cul ture  

TABLE 1V.-  TWO-MAN PHOTOSYNTHETIC EXCHANGER 
OPERATIONAL CAPABILITIES 

Parameter 1 Quanti ty I 
O2 production 
C02 assimilat ion 
Temperature control  range 
Pressure control  range 
Density control  range 

0-1200 l i ters /day 
0-1000 l i tersyday 
25O t o  5 5 O  &io c 
0-10 psig 
0-20 g / l i t e r  (dry weight) 

panels and lamp banks may be ea s i l y  added or removed during operation by means 
of quick-connect hardware. 
+lo C and controlled a t  any desired point  from 2 5 O  t o  55' C .  The wide control  
range allows considerable f l e x i b i l i t y  i n  the choice of a l g a l  species from the 
common mesophilic (25' C )  forms t o  the t rue  thermophilic (52' C )  s t r a in s .  The 
exchanger system w a s  designed t o  operate under posi t ive  pressure up t o  10 psig. 
This w a s  done t o  ensure against inboard gas leakage which has seriously com- 
promised previous l i f e  support experiments with photosynthetic exchangers. 
Culture density i s  controlled by a continuous reading photoelectric colorim- 
e t e r  located upstream t o  the gas contactors. Constant op t i ca l  density i s  
maintained by tr iggering d i lu t ion  and harvest of the  a lga l  culture.  External 
to  the exchanger system, f a c i l i t i e s  are available f o r  separation of the a lga l  
cells from the harvested cu l tu re .  The recovered medium can be pasteurized, 
replenished with nutrients,  and reused i n  the recycle mode of operation. 

Culture temperature may be maintained t o  within 

The School of Aerospace Medicine photosynthetic exchanger is  a research 
instrument spec i f ica l ly  designed fo r  the  study of the l og i s t i c s  and r e l i a b i l -  
i t y  of regenerative l i f e  support by green plant  photosynthesis. 
the desired objectives, an experimental program has been devised tha t  can be 
divided in to  four sequential phases. 

To accomplish 

Phase I i s  underwayand consists  of preliminary tes t ing  of the various 
components of the exchanger system. 
be evaluated over the e n t i r e  range of anticipated use. 
f i ca t ions  will be accomplished during t h i s  period. 

Measurement and control  subsystems w i l l  
Necessary minor modi- 

Phase I1 w i l l  be a complete performance tes t  of the gas exchanger t o  
evaluate oxygen production and C02 assimilat ion rates as functions of popula- 
t i on  density and illumination power input ( l i g h t  in tensi ty)  . Performance w i l l  
be optimized f o r  "once through" operation (no recycle of spent medium) and f o r  
the mode i n  which spent medium i s  replenished with nutr ients  and recycled back 
f o r  cul ture  di lut ion.  

Phase I11 w i l l  be a r e l a t i ve ly  long-term (60 day) t e s t  t o  evaluate the 
s t a b i l i t y  and maintainabil i ty of the  algal culture and exchanger system under 
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conditions of continuous simulated closed-loop operation. This test  will be 
accomplished with recycle operation and w i l l  evaluate performance under both 
l igh t  and C02-limited conditions. I n  actual  l i f e  support applications, the  
photosynthetic rate w i l l  be l imited by l i g h t  input fo r  purposes of eff ic iency 
and by CO, as a consequence of the  respira tory rate of the  human component. 
Hence, considerable e f fo r t  w i l l  be directed i n  phase I11 t o  defining the  in ter-  
relat ionships i n  t h i s  mode of operation. A similar developmental program on 
plant  nutr ient  reclamation from human wastes by activated sludge solubi l iza-  
t i o n  will proceed concurrently. 
in to  t he  regenerative process t o  add an addit ional  degree of closure t o  the 
l i f e  support system. 

Waste solubi l izat ion w i l l  be incorporated 

Phase I V  w i l l  culminate i n  a manned experiment i n  semiclosed loop 
operation with photosynthetic gas exchange, waste solubil ization,  and w a t e r  
recovery. 
primarily photosynthetic gas exchange. 
porating nutr ient  ( w a s t e )  reclamation and water recovery. 
a long-term (30-60 days) demonstration where a l l  of man's requirements (with 
the exception of food) are provided i n  a sealed environment by regenerative 
processes. 

The f i r s t  experiments w i l l  be short-term (1-5 days), employing 
Longer experiments w i l l  follow incor- 

The program goal i s  

The t i m e  schedule f o r  completion of t h i s  program i s  not and cannot be 
w e l l  defined. Phase I i s  now underway and will l i k e l y  require from 6 t o  
12 months f o r  completion. Phases I1 and I11 should require a m i n i m  of 
6 months each and phase I V  may require a year or longer. 
a l ternat ive  processes will be s imilar ly  evaluated during t h i s  period. Then 
and only then can accurate l og i s t i c  comparisons be made which include the  
primary cr i ter ion - of r e l i a b i l i t y .  

It i s  hoped tha t  

CONCLUDING FENARK3 

Photosynthesis as a means of bioregenerative l i f e  support remains an 
active area of research. The jus t i f i ca t ion ,  i f ,  indeed, one i s  required a t  
t h i s  stage of development, i s  t ha t  there  i s  no proven a l te rna t ive  f o r  e i t he r  
atmospheric regeneration or food production. 

Photosynthesis as a regenerative process o f f e r s  several advantages over 
other  possible biological  and physiocochemical methods. 
requires no environmental extremes of temperature, pressure, or chemical com- 
pounds known t o  be incompatible t o  man. I n  addition, the gas exchange r a t i o  
obtained through photosynthesis i s  f l ex ib l e  and can be controlled t o  match 
tha t  of the  human. Thirdly, while the energetics of photosynthetic exchange 
with a r t i f i c ia l  l i g h t  are not promising, photosynthesis becomes more competi- 
t i v e  from an energy standpoint when use of sunlight energy i s  considered. 
Hence, it seems highly probable that f o r  ce r ta in  applications, such as a fixed 
planetary base, bioregeneration by photosynthesis will be an a t t r ac t ive  
alternative e 

Photosynthesis 
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